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Abstract
Energies and structures for a series of silicon-cen­
tered radicals were calculated by ab initio methods. 
The lowest energy conformation of trimethylsilyl radical 
is found to be pyramidal. The angle formed by an Si-C 
bond and the plane formed by silicon with the two other 
carbons is 52.6 (3-21G*). The inversion barrier through 
the higher energy planar C 3v structure is calculated to be 
17.8 kcal/mol. The planar C 3h geometry lies still higher 
in energy. In the planar forms of the methyl-substituted 
radicals, the methyl groups are slightly distorted so that 
the CH bond more eclipsed with the SOMO is bent away from 
this MO. The results are compared to the tert-butyl rad­
ical. Interpretations for the various conformations are 
offered. In silacycloalkyl radicals with the radical cen­
ter at silicon, the barriers to pyramidal inversion at the 
radical center increase with decreasing ring size. In the 
foui—  and five-membered rings, ring inversion is a lower 
energy pathway than pyramidal inversion at silicon. 
Substituent effects on the degree of pyramidalization and 
on the barrier to inversion in silicon-centered radicals 
are substantial. Substitution of three fluorines for 
hydrogens in -SiH3 raises the barrier from 7.6 to 80 kcal/ 
mol. Substitution by methyl groups is less extreme but 
nevertheless increases the degree of pyramidalization of
x
■the radical over -that. o£ -SiH3 . For -the most- part the bai—  
rier to pyramidal inversion can be addressed in terms of 
SOMO/LUMO interactions in the corresponding planar radi­
cal. Radicals which have a smaller SOMO/LUMO gap genei—  
ally have a higher inversion barrier.
Introduction
Silicon-centered free radicals play important roles in 
a number of organosilicon reactions ranging from peroxide- 
catalyzed hydrosilylation of olefins to a variety of 
transformations involving metals. Many of these reactions 
exhibit a preference for retention of configuration at 
silicon, as for example in the abstraction of Cl from CCl^ 
by certain silyl radicals. The experimental evidence is 
consistent with a considerable barrier to inversion and/or 
an inversion process that is slow relative to the abstrac­
tion process.
Methyl radical has been determined to be planar by its 
electronic1 and esr spectra.2 However, the preferred geom­
etry of carbon radicals is dependent upon substituents at 
the radical center. As electronegative groups such as F 
replace H in CH 3 , the preferred structure becomes more 
pyramidal, and the barrier to inversion increases. The 
radicals -CHzF, -CHFz by esr3 and ‘CF3 by esr,3 IR* and 
photoionizations were all determined to be pyramidal. The 
absolute values of 13C hyperfine coupling constants 
increase rapidly with F substitution, presumably due to 
increased C 2s character of the radical site, and the 
angles in pyramidal CF 3 were estimated at 1110 .3 An SCF 
RHF calculation6 found -CH3 to be planar. The energy of
2*CF3 was determined at various angles that the CF bond can 
make with the plane perpendicular to the threefold axis. 
By a parabolic fit, the energy minimum occured when this 
angle was 16.8°. The difference in energy from the planar 
radical was 27.4 kcal/mol and the F-C-F angle was 112°. 
Substitution by only one F atom still gave a non-planar 
geometry, although there was a lesser degree of pyramidal­
ization, the out-of-plane angle being approximately 8 ° and 
the inversion barrier smaller (0, 6 kcal/mol). 
Calculations'done on methyl radical7 found it to be very 
nearly planar by ST0-3G and planar by 4-31G. An INDO cal­
culation8 finds increasing pyramidalization as F is sub­
stituted for H in CH3 with the methyl radical slightly 
non-planar. The effect of F substitution on the methyl 
radical was also investigated theoretically at the ST0-3G 
level,8 and the degree of pyramidalization increased along 
the series ’CH3, -CHzF, 'CHFZ, -CF3. The methyl radical 
was apparently found to be non-planar at this level of 
theory although the results were not explicitly mentioned.
Ab initio calculations10 indicate the tert-butyl radi­
cal to be pyramidal, although different views still pei—  
sist over interpretation of experimental data relating to 
whether tert-butyl radical is planar11 or pyramidal. 12
Certain molecules trapped in low concentrations within 
inert frozen rare gas matrices can be dissociated by x-ray 
energy absorbed by the matrix and transferred to them.
3From characteristics o£ their esr spectra the nature and 
properties o£ the radicals can be obtained. The esr o£ 
the Croup IV MH 3 radicals were studied in some detail in 
this manner in 1966.13 The magnitude o£ the 29Si nuclear 
coupling constant is indicative of the amount of s charac­
ter in the orbital of the unpaired electron. From the 
coupling constant the amount of s character in the bonding 
orbitals can be deduced and therefore the bond angles 
around the radical center. Gordy13 and co-workers deduced 
the Si—H bond orbitals as having 26% s hybridization and 
so found the H-Si-H angle to be 110,6°. The hyperfine 
coupling constant a(29Si) for -SiH3 was determined to be 
266G in a Kr matrix. In order to obtain a regular trend 
in the Group IV series from ’CH 3 through -SnH3, these 
workers proposed negative spin density for H in *CH3 and 
*SiH3 becoming positive for ’GeH3 and ’SnH3. The same 
radicals were studied by Gordy and Jackel in a xenon 
matrix and a(Z9Si) was determined to be 190 G, but the 
authors still considered -SiH3 pyramidal. 1 * The first esr 
spectrum of a silicon-centered radical besides -SiH3 was 
reported in 1969 by Kochi and Krusic. The methyl substi­
tuted radicals are formed in solution by abstraction of 
hydrogen from the respective silane by photochemically 
produced £er£-butoxy radical. 15 This research group 
determined a(a-proton) for the silyl, and mono- and di-me­
thyl substituted silyl radicals as 7.96 G, 11.82 G, and
416.99 G, respectively. Kochi and Krusic agree that the 
large values obtained for a(z9Si) imply a pyramidal struc­
ture and that because of the trend in a(Z9Si) [181 G 
(*SiMe3), 183 G (*SiHMe2) and 266 G (*SiH3)13] pyramidali­
zation decreases with methyl substitution . Therefore 
these investigators suggested that all aCH) are negative 
(but may be positive for *SiH3). As support for this 
assignment they cite the work13 which proposed negative 
spin density for H in -SiH3. Another report16 cites simi­
lar a(a-H) values for the methyl silyl radicals formed in 
solutions of di-£sr£-butyl peroxide ■in the appropriate 
silane and agreed in the nonplanarity of the Si radicals 
and that the planarity increases with methyl substitution. 
Work about the same time on y-irradiated (60Co source) 
solid silanes17 questioned the value of a(Z9Si) found in 
the Kr matrix on the basis that for a particular non­
charged radical there should be little effect of environ­
ment on structure and that the satellites which had been 
assigned to z9Si are too intense. Symons was therefore
inclined to agree with the value of a(Z9Si) found in' the
xenon matrix. His reinterpretation gives 190 G as the 
value for a(Z9Si) in Kr, and prefers positive values for 
aCa-H). No major change in the spin density on Si implies
that there is not much variation in the R-Si-R angle to a
first approximation. Symons suggests there is a slight 
increase in pyramidalization with methyl substitution.
5Silicon—centered radicals, like carbon radicals, are sus­
ceptible to geometric changes brought about by the substi­
tution of electronegative groups as evidenced by the 
a(29Si) values which markedly increase with substitution 
of Cl for CH3 in ClnMe3_nS i •, indicating that the radicals 
deviate more from planarity as the substitution 
increases.18
Self consistent field calculations at fixed geometries 
for -SiH-s gave a pyramidal ground state with H-Si-H angles 
of 115.7°.19 Higher level (4—31G) calculations were done 
on a number of hydrides of silicon including *SiH3, and 
•SiH3 was found to have nearly tetrahedral angles.20 The 
inversion barrier in -SiH3 was calculated to be 4.4 kcal/ 
mol by an SCF Cl method.21 The effect of substituents was 
studied theoretically2 2 by SCF methods on -MY3 (M=C, Si; 
Y=H, F, Cl). The M-H bond lengths and out-of-plane angle 
were optimized, and 'CH3 was found to be nearly planar, 
while *SiH3 had an out-of-plane angle equal to 16.2°. Just 
the out-of-plane angle was optimized for the halides, and 
increasing pyramidalization with Cl and F substitution was 
found for both the carbon and silicon radicals.
Other indications that silyl radicals are pyramidal and 
might have a substantial barrier to inversion are that 
1-naphthylphenylmethylsilyl radicals, formed from the 
parent silane23 or from (-)-acetyl-1-naphthylphenyl-
6met.hy.lsilane,2* abstract Cl from CC1<> with a predominance 
of configuration retention:
( + >-1-NpPhMeSiH (^ ~ ^ <)(-)-1-NpPhMeSiCl (ref. 23)
or
C-)-1 —NpPhMeSiCOCH3 > (+)-1-NpPhMeSiCl (ref. 24)
The general retention of configuration has also been shown 
in other Si radicals besides NpPhMeSi• by Sommer.25 The 
organosilanes RPhMeSiH (R= 1-Np, neo-CsH i 1 , C 6F 5, CH2Ph)
and also 1-Np(C6F s)MeSiH react with CCI4 under catalysis 
by benzoyl peroxide to give a high predominance (> 84% 
optical purity) of retention. However these investigators 
also show that when CC14 is diluted with cyclohexane or 
benzene there is a loss in optical purity and that inver­
sion can compete with abstraction. The radical produced 
from (+)-HMePhSiSiPh3 25 or C-)-HMePhSiSiPh3 26 undergoes Cl 
abstraction, but the product shows no or small optical 
purity. This implies that the triphenylsilyl substituted 
radical is more planar or undergoes rapid inversion com­
petitive with abstraction. The probability that the 
Me 3SiSiMez radical is more planar is provided by the 
a(Z9Si) reported for this radical, 137 G , 16 which is sub­
stantially lower than in -SiMe3. '
The inversion barrier for the o:-NpPhMeSi radical has 
been estimated.27 Absolute rate constants of the reaction 
of Et3Si radicals with organic halides were obtained by
7using benzil as probe by laser flash photolysis. 
Experimental data25 concerning the optical purity of prod­
uct obtained in reactions of (+)-NpPhMeSiH with CCl^ at 
varying CC1* concentration were used in a Stern-Volmer 
type equation to yield k inv , assuming that EtgSi* and 
( + )-NpPhMeSi• react with CCl* at equal, nearly diffusion- 
controlled rates. With the value for k inv obtained and 
with the assumption of a normal preexponential factor for 
inversion at S i , the activation barrier for the inversion 
was calculated to be 5.6 kcal/mol.
Inclusion of the radical center in a ring system can, 
of course, have a major effect on geometry and reactivity. 
A substantial amount of reaction chemistry of 
1,2 -dimethylsilacycloalkanes, including some radical reac­
tions, has been explored experimentally.28 The free radi­
cal formed from 1-methyl-4-tsri-butyl-1-silacyclohexane 
abstracts Cl from CC1<* and gives a high degree retention 
in the Si-Cl product ■ starting from.either the cis or 
trans radical.29 The rate of abstraction is fast compared 
to inversion. There is slightly less retention with the 
cis radical, possibly due to the greater stability of the 
trans radical (i.e. some inversion occurs to the 
trans radical). The reactions have also been carried out 
with CHCl2CCl3 , CH2C1CC13 and CHC13. Configurational 
purity of the Si-Cl product is lost when the solvent is 
changed from carbon tetrachloride to chloroform. In fact
8in CHC13 -the cis-silacyclohexane gives more product, which 
is derived from the trans radical, and the rates of inver­
sion and abstraction are competitive. The predominant 
retention stereochemistry shown in these reactions indi­
cates considerable barriers to inversion in the radicals. 
These cyclic systems with their possibility for geometric 
isomerism offer promise of affording compounds with an 
inversion barrier that would be in a suitable region for 
experimental measurement.
There is currently a very high degree of interest both 
experimentally and theoretically in silylenes,30 
silenes3 3 1 and silynes3 od>3 1 *>-* but the literature
appears to be absent of theoretical studies of silicon- 
centered radicals other than those mentioned above. 
Consequently, this theoretical study was undertaken in 
order to obtain information about trends of structural 
effects on the inversion barriers of silyl radicals. In 
this work ab initio unrestricted Hartree-Fock calcula­
tions were used to study the energies and structures of 
various cyclic and acyclic radicals using the Gaussian 80 
series of programs.32 . In some instances the MM2 force 
field program33 was used to complement the quantum mechan­
ical method. Studied in this report are trimethylsilyl 
radical (’SiMe3 ) in five conformations, substituted sila- 
cycloalkyl ring radicals, *SiF3 and a range of substituent 
effects on geometries and inversion barriers of *SiHzY (Y 
= H, CH3 , C H z F ,  F ) .
9Methods
Experimental methods such as x-ray crystallography, 
electron diffraction and microwave spectroscopy can be 
used to obtain structural data. X-ray crystallography is 
the most powerful in that a structure postulated must 
account for a large volume of data (up to thousands of 
pieces). Therefore it gives good structural data. Of 
course most reactions occur in the gas phase or in solu­
tion and the crystal structure cannot in many cases be 
relied on to be the one in solution or the vapour, espe­
cially with a flexible molecule. With other experimental 
methods some assumptions concerning geometry in polyatomic 
molecules must be made in order to obtain an overall 
structure of the molecule. With radicals there is also 
the problem of generating them in sufficient concentration 
for observation and eliminating interfering species. 
Therefore calculational methods can be used to complement 
experimental methods.
Ab initio Calculations
In the ab initio method an approximate solution of the 
Schrodinger equation for a given nuclear configuration is 
found. The nuclear positions are then varied to minimize 
the energy of the system.
10
The zeroth order state function (wave function) of a 
system of 2n-1 electrons may he written as a Slater detei—  
minant
where the <f>L are molecular orbitals having spin function a 
and are MOs having spin function /S.
The MOs are approximated by a linear combination of 
atomic orbitals
Semi-empirical quantum mechanical calculations genei—  
ally use a simpler Hamiltonian than the true molecular 
Hamiltonian and incorporate experimental data or parame­
ters which are adjusted to fit experimental data. The ab
initio method uses the correct Hamiltonian (.?( ) for the 
system and attempts a solution for the electronic wave 
function without experimental data.
The basis for the procedure which follows is provided 
by the Born-Oppenheimer approximation which says the elec­
tronic and nuclear motions may be separated because the
,^0) ----- 0nG)
<t>& ? , « >  <t>^ ;
4>w ''. :• sr
4i = ScjiXi•
electrons move much faster than the nuclei. The true 
molecular wave function <Mq. > q )» which depends on the
it
electronic and nuclear positions, is very well approxi­
mated by
tfCq..q^) =
The true Hartree-Fock self consistent field method (HF 
SCF) is an ab initio calculation which seeks the anti­
symmetrized product 4 of one electron functions which will 
minimize < r i # n r > /  < Y / r >  , i.e. the energy of the sys­
tem. A simplification uses an effective Hartree-Fock 
Hamiltonian H eif• The Hartree-Fock orbitals are repre­
sented by a complete set of known basis functions =
Sciitffc. Slater type orbitals CSTOs) are basis functions 
which have the same exponential form as hydrogen-like 
orbitals, exp(-£r) .. Molecular orbitals are first guessed 
and the estimates used to compute Heff » which is used to 
solve the secular equation to give an initial set of orbi­
tal energies. These energies are employed to get an 
improved set of coefficients and thus MOs; these MOs are 
used to compute an improved Heft , and so on until no fur­
ther (arbitrary) improvement occurs in MOs and energies. 
In order to get a very accurate representation of the 
Hartree-Fock orbitals, an infinite number of STOs are 
needed in the expansion. Very good results are obtained 
by wisely choosing a few STOs. Solving molecular inte­
grals with STOs is difficult and time consuming because of
12
■three— and four— center integrals which result, and 
Gaussian functions are often used to approximate STOs. 
The Gaussian 80 program does this. The exponential form 
of the Gaussian type orbitals (GTOs) is (exp -£r2), which 
differs from the hydrogen-like and.Slater type orbitals.
The Gaussian function does not have the desired cusp at 
the nucleus and so gives a poor representation of an 
atomic orbital at small r. The functions also decay 
faster at large r. Therefore a linear combination of sev­
eral Gaussians is used to approximate an STO. Thus there 
are more integrals in an LC GTO SCF MO calculation than in 
the analogous LC STO SCF MO calculation. However the 
Gaussian integral evaluation takes less computer time than 
the Slater evaluation because all three- and four-center 
integrals are reduced to two-center integrals when using 
Gaussian functions.
Notation.Terminology. A minimal basis set is one which 
involves only core and valence orbitals.' An extended 
basis set uses in addition higher shells.
The ST0-3G level approximates an STO by a sum of three 
Gaussians. The level 3-21G means that the inner shells 
are described by three Gaussians and the valence shell is 
split into two parts, the inner described by a sum of two 
Gaussians and the outer by another Gaussian. It is a 
split-valence set. Both are minimal bases. The ST0-3G« 
and 3-21G* levels have d polarization functions (orbitals)
13
added to second and third row atoms or p polarization 
functions added to hydrogen. In this discussion whenever 
these extended bases are used, they have d functions on 
silicon only.
Electron Correlation. The SCF method takes into 
account the interactions between electrons only in an 
average way. The instantaneous interactions between elec­
trons need to be considered. Electrons tend to keep out 
of each other's way, that is, the electrons are corre­
lated. The SCF wave function already has some instantane­
ous electron correlation in it because it satisfies the 
anti-symmetry requirement of the Pauli principle and van­
ishes when two electrons of the same spin have the same 
spatial coordinates. There is little probability of find­
ing two electrons of like spin in the same region of 
space. One way to account for electron correlation, is to 
mix in contributions to the wave function from other con­
figurations, configuration interaction (Cl).
The correlation energy may amount to \% of the total 
energy of the system and lowers the energy of the system 
given by the Hartree-Fock SCF energy. The correlation 
energy in isomers can be expected to be similar as long as 
there are not drastic changes in structure, so that energy 
differences between isomers is adequately described by the 
SCF method. For instance, the 3-21G* basis set yields a
14
rotational barrier of 1.43 kcal/mol using the SCF method
in CHgSiHg, in reasonable agreement with the experimental 
value of 1.7 kcal/mol.34
Some of the shortcomings of the SCF method have been 
touched upon above; namely, truncation in the basis set 
which may introduce error, the form of the Gaussians 
replacing STOs and that the results pertain to a motion­
less model. All of these can be compensated for in some 
way as mentioned. What is a great drawback is then not in 
the theory itself but the computer time (and so money)
involved in the calculations.
The powerfulness of the method arises from the fact 
that no preexisting experimental data is needed to do ab 
initio calculations. This allows greater flexibility 
over semi-empirical and empirical methods of structural 
and energy determination. Quite novel molecules can be 
treated if desired. Also arising from the theory itself, 
there is no need to describe atom connectivity. Though as 
chemists we are used to talking about bond lengths and 
bond angles, some physicists would get quite upset to see 
a line drawn between two hydrogen atoms to describe molec­
ular hydrogen. Though this may be extreme we cannot lose
sight of the fact that there may be influences at a cer­
tain site in a molecule from atoms somewhat removed. In 
fact we do talk about through space and through bond
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interactions. This is fundamental to the PMO theory'which 
will be used later.
The z-matrix. In order to optimize a structure in the 
Gaussian 80 series of programs a number of internal coor­
dinates (as opposed to Cartesian coordinates) are opti­
mized to the lowest energy structure. The z—matrix35 Is 
used to input the geometry of a molecule using internal 
coordinates. The internal coordinates are bondlengths (or 
distances), angles and dihedrals which describe an atom's 
position relative to previously defined atoms or dummy 
atoms. Dummy atoms may be used to assure a certain 
restricted symmetry to a molecule as in the example in 
Figure 1. The structures drawn below the table show the 
approximate positions of the real and dummy (x3, x * , and 
xs) atoms. The first column of the z-matrix lists the 
atoms and dummy atoms. The third column gives the distance 
between the atoms in columns one and two. , The parameter 
SIH then, is the distance between Si and H.Since this com­
pletely describes the positions of the first two atoms in 
relation to each other no other parameters are necessary. 
When another atom (or dummy) is added, one more parameter 
is needed, a bond angle, to completely describe the three 
atoms' positions. Dummy atom no.3 is fixed 1.0 A from Si 
and ANG is the angle formed by atoms 3-2-1. The fourth 
atom (another dummy here) and all following atoms' posi­
tions will be completely described by adding a dihedral
16
#UHF/3—21G#
PUCKERED SIC3 RING, ENDO CS 
0 2
H
SI 1 SIH
- 2 1 .0 1 ANG
- 2 SIX 3 90.0 1
- 2 D 3 90.0 1
C 4 CM 2 90.0 3
c 4 CM 2 90.0 3
c 5 CX 2 90.0 3
H 6 FA 2 AFA 7
H 6 FB 2 AFB 7
H 7 FA 2 AFA 6
H 7 FB 2 AFB 6
H 8 RA 5 AMA 2
H 8 RB 5 AMB 2
SIH 1.482
SIX 1.453
D 2.383
CM 1.222
CX 0.389
ANG 31.8
FA 1.081
Procedure
Title
Charge, Multiplicity
W 180 
U 180 
-W90
W90 Z-matrix
WO 
-WA 
UB 
WA 
-WB 
W 1 80 
W 1 80
FB 1.084 Variables
RA 1.082
RB 1.081
AFA 120.0
AFB 113.3
AMA 170.3
AMB 61.4
WA 131.4
WB 97.2
WO 0.0
W90 90.0 Constants
W 180 180.0
Ht* Hi*
I;
►c»
top view
side view
Figure 1. Z-matrix.
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(torsion) angle in the seventh column. In the example the 
dihedral angle 4—2-3-1 (W180) is fixed at 180.0°. This was 
done to help insure CB symmetry. Again, it should be men­
tioned that the z-matrix does not depend on atom connec­
tivity. The z-matrix for any molecule can be set up in any 
number of equivalent ways.
All or none of the internal coordinates in the z-matrix 
may be optimized depending upon the symmetry desired for 
the molecule. A molecule belonging to point group Ci will 
have 3N-6 degrees of freedom and 3N-6 internal coordi­
nates. If the molecule is given higher symmetry then some 
degrees of freedom will be removed. Each internal coordi­
nate is thus treated as a variable or constant. A full 
optimization is one which optimizes the same number of 
variables as there are degrees of freedom for that symme­
try. This is a straightforward way of finding the degrees 
of freedom for molecules having high symmetry, for no mat­
ter how the z-matrix is organized one should arrive at the 
same number of variables in any case.
The initial value of each variable or constant is given 
in a list of parameters following the z-matrix (see Figure 
1 ) .
Minimization. The coordinates are then optimized and 
the energy minimized using one of various minimization 
algorithms available with the program.36 The algorithms
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differ mainly in how -the gradient is calculated and 
whether the Hessian matrix of the second partial deriva­
tives or its inverse is updated.
The Murtagh-Sargent minimization method has a stabler 
algorithm and is usually more reliable than the default 
method but consumes more computer time. There is less 
hopping over the energy surface with this procedure and it 
was generally used with large strained species such as the 
ring systems optimized here.
When higher symmetry is put on the molecule there are 
fewer variables and so fewer matrix elements to evaluate 
as the algorithms proceed through the iterations. However 
by putting constraints on the molecule, constraints are 
put on the direction that the minimization takes on the 
energy surface and so may slow down the minimization pro­
cess. If a person is standing on the slope of a hill and 
wants to get on the opposite side but lower on the hill he 
might be wiser not to restrict his movements and run
around and down the hill than to restict himself to one
direction and first trudge slowly up and then down the
hill. Therefore it might in some cases be advantageous to
first put a molecule in Ci symmetry with 3N-6 degrees of 
freedom, optimize, and then optimize again in the higher 
symmetry if drastic changes in the molecule are not antic­
ipated between the point groups.
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Each of the algorithms sometimes arrives at an energy 
well which is not the global minimum. This is in itself a 
useful feature in that local minima of a particular geom­
etry can be found.
Force Field Method
The Force field or molecular mechanics method involves 
positioning of nuclei with the total energy apportioned 
into stretch, bend, stretch-bend, torsional and van der 
Waals energies. This is sometimes called the classical 
method. The method is not intimately related to classical 
mechanics. However the equations of molecular mechanics 
are of a classical form. Any kind of function may appear 
in the equations as long as they duplicate experimental 
data. The electronic system is only implicitly taken into 
account.
Experimental data such as bond lengths, angles and 
strain energies exist on small molecules. A set of con­
stants to be used in the molecular mechanics equations is 
derived from this information for each particular bonding 
arrangement of atoms. If these equations can mimic the 
structural data then the structure of a larger molecule 
can be assumed to be built up from the simpler features of 
the smaller molecules. This is not an unreasonable
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assumption because we know for example that an alcohol o£ 
a few carbons length can have much the same properties and 
undergo similar reactions as ethanol and that many larger 
molecules have similar bond lengths and angles as smaller 
ones with the same bonding patterns.
The large advantage with the force field method is that 
the calculations are simpler and fewer so that it is very 
much faster than ab initio methods. The time needed 
for ab initio calculations goes up as the fourth power of 
the number of orbitals, while for the force field it rises 
as the square of the number of atoms. So as the size of 
the molecule increases, the force field method is of 
greater advantage with regard to time.
There are a number of force fields in use today and the 
results with regard to molecular geometry and energy are 
essentially the same for all. The equations in each force 
field may be quite different and so the models should not 
be confused with physical reality. The force field used 
here is the MM2 program of Allinger.33 The MM2 program 
apportions the total energy into classical compression, 
bending, stretch-bend, van der Waals and torsional enei—  
gies. The forms of these equations can be found in the 
reference above. A starting geometry is input through 
Cartesian coordinates. Energy minimization is through a 
modification of the Newton-Raphson method. Since deriva­
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tives of the energy are analytically calculated with 
respect to Cartesian coordinates of each atom it is more 
difficult to retain a certain symmetry or bond length or 
angle than would be the case if internal coordinates were 
used. Allowing input through a z-matrix is something that 
might be done in the future.37
Being an empirical method the molecular mechanics pro­
cedure h^s shortcomings. It is based on experimental data 
which must exist for a given class of compounds before it 
can be applied to other molecules in that class. If a new 
bonding arrangement or atom is to be studied then addi­
tional parameters and thus experimental data are needed; 
the results without these are uncertain.
Reliability of ab initio and molecular mechanics
How good are the calculational methods? In the ab ini­
tio method the split valence sets 6—21G and 3—21G agree 
with each other for the most part in determing properties 
of molecules except total energies.38 Equilibrium geome­
tries, relative isomer energies vibrational frequencies if 
determined are comparable to 4-31G but better than ST0-3G. 
The 6-21G and 3—21G levels predict dipole moments closer 
to experimental values. The 4—31G basis overestimates and 
ST0-3G understimates dipole moments. Any of the split
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valence sets overestimates experimental bond lengths some­
what, but describes them better than ST0-3G, which under—  
estimates the bond lengths. Bond angles are adequately 
determined with any basis. These unsupplemented bases 
give a poor hypervalent description of bonding. This is 
improved by supplementing the basis with d functions. The 
geometries and relative energies are good with the 6-21G* 
and 3-21G» bases. However single heavy atom-hydrogen bond 
lengths are usually predicted to be longer than experimen­
tal values by 3-21G*. In general, the two heavy atom bond 
length is in good accord with experimental values, and 
better than with the unsupplemented 3-21G basis.39
Good structural results on larger molecules (five- or 
six-membered silicon rings) are obtained with the MM2 
force field. Excellent agreement was shown for a.calcu­
lated C 2 silacyclopentane ring structure40 with that of an 
electron diffraction study by Hilderbrandt.41 Poor repro­
duction of the experimental data was obtained in strained, 
i.e. 4- and 3-membered, silicon rings. The Si-C bond 
lengths were calculated to be >2.1 A in silacyclobutane. 
Bond lengths of ca. 1.87 A are normal in unstrained sys­
tems. Frierson42 has devised some new parameters for sil­
icon in foui— membered rings which has enabled him to 
reproduce reasonably well Mastryukov's electron diffrac­
tion structure of silacyclobutane.43 The MM2 force field 
tries to mimic electron diffraction data. The force field 
gives long Si—C bond lengths if compared to microwave
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studies. A so-called correction is applied to data gotten 
from microwave for parameterization. Fairly good isomer 
energies can be obtained with some molecules that have 
well-studied bonding patterns. For example, MM2 gives a 
good reproduction of the rotational barrier in SiHsCHg34
Chapter I: Trimethylsilyl Radical
The most complex radical system studied in this chapter 
is trimethylsilyl radical. The carbon analogue, *CMe3 is 
a richly studied species, both experimentally and theoret­
ically. Calculations at the 3-21G and 6—21G levels were 
done on 'CMe3 also in this work in order to make direct 
comparisons with 'SiMe3. The gradient method was used to 
optimize the geometric parameters. In all the calcula­
tions <S2>= 0.75-0.77. The expectation value <S2> gives a 
measure of the amount of spin contamination from ■ other 
spin states when using the unrestricted Hartree-Fock CUHF) 
method. For pure doublets <S2>= 0.75. The UHF method
gives lower energies and so is usually used with open
shell systems. The *SiMe3 conformations of most impor—  
tance in this discussion are shown in Figure 2. In the 
cases of three geometries, minimizations have been carried 
out at both 3—21G and 6-21G levels and the results vary 
insignificantly between the two levels both with respect 
to geometries and energies. The calculated energies and 
geometric parameters for *SiMe3 are shown in Table I, and 
those for three conformations of *CMe3 in Table II. Both
*CMe3 and *SiMe3 are predicted to be pyramidal. The degree
of pyramidalization in various structures is a matter of 
interest, and several measures of that quantity have been 
used by different authors. One measure is the angle, vai—
Figure 2. Geometries o f five  conformations o f trim ethylsily l radicals.
Table I* Geometric Parameters and Energies for Five Conformations of Trimethylsilyl
Radicals
pyramidal forms planar forms
C,v (1) Ci (2 ) Ci* (3) C „  (4) C,h (5)
energy, hartrees —405.63001 -405.62724 -405.62346 -405.60172 -405.60087
-407.58404
-405.59391
-407.58169 -407.57906 -407.56283
-405.57230
-407.56236
-405.57187
aE, kcal/mol 0 1.74 4.11 17.75 18.29
0 1.48 3. 13 13.31 13.60
0 * 13.56 13.83
7 , deg ■ 52.6 52.5 1 50.6 so = 0
51.7 51.5 49.9
A 51.9
h/h, A/A 0.604/0.319
0.606/0.314
0.607/0.315
0.604/0.318
0.604/0.312
0.584/0.307
0.586/0.302
=0 / 0 =0 / 0
dCSi-C) 1.892 1.897 1.904 1.895 1.897
1.933 .1.937 1.942 1.934 1.936
1.926 1.928 1.930
dCC-H.) 1.089 1.087 1.086 1.086 1.087
1.088 1.086 1.085 1.084 1.085
1.088 1.084 1.085
dtC-H,,) 1.087 1.089 1.087 1.086 1.086
1.085 1.087 1.086 1.085 1.084
1.085 1.085 1.084
d(C-He) 1.086 
1.085
/C-Si-C 1 10.3 
1 1 0.7 
1 1 0 . 6
110.4
110.7
1 1 1 . 0
111.3
H 120 a 120
/Si-C-H. 1 1 1 . 0 1.1 0 . 8 111.7 114.6 106.8
110.9 110.5 111.4 113.2 108.8
1 10.9 113.3 108.7
/Si-C-Hb 11 1 .1 1 1 0 .6 11 1 . 1 109.3 112.3
1 1 0 . 8 1 1 0 . 6 110.7 109.5 111.7
1 1 0 . 8 109.4 111.7
ZSi-C-He 1 1 2 .0  
1 1 1 . 6
The first value listed is a 3-2IG* result; the second is 6 7 2 1G} the last is 3—21G. 
Bondlengths are reported in angstroms and bond angles in degrees^ N
O'
Table II. Geometric Parameters and Energies for Three
Conformations of Tertbutyl Radicals
pyramidal C3w planar C3v planar C 3h
energy, hartrees -156.45051 -156.44849 -156.44855
-156.49790 -156.49553 -156.49558
a E, kcal/mol 0 1 .27 1 .23
0 1 .49 1 .46
7, deg 22. 1 =0 =0
24.8 =0 sO
h/h, A/A 0.194/0.129 =0/0 =0/0
0.220/0.146 =0/0 =0/0
d(C-C) 1.503 1 .502 1 .502
1 .510 1 .510 1 .510
d(C-Ha) 1.091 1 .090 1 .083
1 .091 1 .091 1 .084
d(C-Hb) 1 .084 1 .084 1 .088
1 .085 1 .085 1 .089
zc-c-c NR = 120 = 120.
1 17.9 = 120 = 1 20
ZC-C-Ha 111.5 NR 111.6
111.1 111.8 111.3
ZC-C-Hb 111.4 1 12.4 111.6
111.2 111.1 111.3
The first value listed is a 4-31G result from reference 10b;
the second is a 6-21G result, this report. NR: not reported.
Bondlengths are reported in angstroms and bond angles in 
degrees.
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iously called 7 and dj,,10 between the plane defined by the 
radical center with two attached atoms and the third bond 
to the radical center. A second measure, here desig­
nated h, is the perpendicular distance between the radical 
center and the plane defined by the three attached atoms. 
Since radicals of several types with widely varying bond 
lengths are being considered, it appears more meaningful
A
to define a different h, designated h , in which the 
plane, rather than being defined by three atoms, is 
defined by three points 1.0 A away from the radical center 
along the bonds to the attached atoms. The value of 7 for
A
•SiMe3 in its stablest geometry, 1, is 51.7°, and h is
0.314 A using the 6-21G basis. The corresponding values 
for *CMe3 from the 6-21G basis set calculation are 24.8° 
and 0.146 A .
In the pyramidal C3v geometry of -CMe3 the H atom (Ha> 
anti to the orbital containing the single electron is less 
tightly bound than the H atoms gauche (Hb) . Figure 2 shows 
the corresponding Ha and Hb designations in the case of 
■SiMea. The CHa bondlengths (1.091 A) are calculated to 
be slightly longer than CHb (1.085 A) in each case 
(6-21G). In the planar structures of -CMe3, CHa is longer 
than CHb for the C3v geometry, and CHb is longer than CHa 
in the C3b geometry. In 'SiMes the two types of CH bonds 
are essentially identical in length and are nearer a com­
mon length in all five geometries (three pyramidal and two 
planar) than is the case for -CMea.
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The methyl groups are tilted in both planar -SiMe3 rad­
icals so that there is no local C 3 axis through any methyl 
group. If all Si-C-H angles in *SiMe3 were equal, a right 
circular cone would be formed (assuming equal CH dis­
tances) with the hydrogens in the base and Si at the apex. 
However, this cone is tilted in the planar structures,
i.e. the angle SiCHa is greater than SiCHb in planar C3v 
*SiMe3 , and SiCHb is larger than SiCHa in C 3h ‘SiMeB.
The silicon-carbon bond lengths are somewhat longer 
than anticipated in all geometries of -SiMe3. When third 
row atoms are bound to terminal heavy atoms the 3-21G and 
6-21G basis sets predict bond lengths which are greater 
than normal.38 Normal Si-C bond lengths are in the range 
1.86 — 1.89 A, but 3-21G and 6 -21G give Si-C lengths of 
1.92 - 1.94 A. A split valence set for third row atoms 
has recently been supplemented by d type functions on sil­
icon (3-21G*).39 These were shown to give Si-C lengths 
more in agreement with known experimental measurements. 
The capability was recently acquired to use this addition 
to the basic program and the energies and structures of 
five conformations of *SiMe3 were calculated using the 
3-21G* basis set. Adding polarization functions to the 
basis set results in a more reasonable value for the Si-C 
bondlengths. Whereas both 3—21G and 6-21G basis sets gave 
Si-C lengths in the range 1.926 - 1.934 A for the two con- 
formers 1 and 4, the 3-21G« basis set gave these bond-
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lengths as 1.892 A for the pyramidal radical and 1.895 A 
for the planar. Here again the CHa bondlengths are 
slightly longer than the CHb bond lengths in the pyramidal 
C 3v structure. All other parameters are reasonable with­
out inclusion of d functions and the split valence sets 
are generally recognized as providing reasonable energy 
differences between isomers.
The calculations using the 6-21G basis set predict the 
inversion barrier for -SiMe3 to be 13.3 kcal/mol with the 
planar C 3v structure slightly lower in energy than the 
planar C 3h geometry. The relative stabilities of the pla­
nar geometries are reversed in *CMe3 , and the planai— py­
ramidal barrier is only 1.46 kcal/mol. The -SiMe3 
pyramidal C3v structure was found to be lower in energy 
than the planar C3v geometry by 13.56 and 17.75 kcal/mol 
using the 3-21G and 3—21G* bases respectively.
A perturbation treatment of the correlation energy, 
M^ller-Plesset theory44 to second order, was done for the 
lowest energy pyramidal radical and the two planar radi­
cals of -SiMe3 at the 3-21G* level. The two planar radi­
cals had nearly the same correlation energy, and the 
energy difference between them was decreased to 0.48 kcal/ 
mol. This is an example of conformations of not too dis­
similar structure having nearly equal correlation 
energies. The correlation energy is not as great in the
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pyramidal radical so that the energy differences between 
it and the C 3v and C3h planar radicals are reduced to 
13.90 and 14.38 kcal/mol, respectively. A configuration 
interaction study was attempted on the C 3h radical first, 
but no indication of a result was seen after seven hours 
of computer time.
Preferred Geometries
The methyl groups of planar *SiMe3 are slightly dis­
torted as indicated above, and the methyl groups in carbon 
radicals are also found to be distorted. In the pyramidal 
ethyl,'*5 propyl,46 isopropyl,47 and teri-butyl10 radicals 
the 8-CH bondCs) that is most eclipsed with the half-
filled MO on the carbon radical center is longer than the
/S-CH bondCs) that is more perpendicular to the singly 
occupied molecular orbital CSOMO). In -CMe3 the almost 
eclipsed CH bonds range from 0.005 to 0.007 A longer than 
the more perpendicular bonds. In ‘SiMe3 where the SiC
bonds are longer than the CC bonds of the carbon analogue, 
and the jS—CH interaction is expected to be smaller, the CH 
bonds are closer to each other in length.
In the lowest energy pyramidal form of 'SiMe3, the SiCH
bond angles are all nearly the same, but this is not the 
case in the planar forms. For methyl groups in planar
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•SiMe3 and also for methyl groups in planar forms of cai—  
bon radicals, the CH bonds more nearly eclipsed with the 
singly occupied orbital experience a widening of the SiCH 
or CCH angle. For example, in planar C3v 'SiMe3 , SiCHa 
and SiCHb are 113.2° and 109.5°, respectively; while in 
planar C 3h *SiMe3, SiCHa and SiCHb are 108.8° and 111.7°, 
respectively, at the 6-21G level.
The tilt of the methyl groups in the planar forms of 
carbon- and silicon-centered radicals may be explained 
from a hyperconjugative standpoint by Perturbative 
Molecular Orbital (PMO) theory*849 using reasoning similar 
to that which has been applied to NHzMe with, planar N.48 
Figure 3 shows the interactions of importance between 
tr(Me) group orbitals and the p orbital of the radical cen­
ters in in the C 3v (bisected) form of the planar radical. 
The three electrons are distributed over two orbitals in 
interaction A, and the interaction is repulsive,50 and 
more so above the plane than below. The major interaction 
will be between 7Tb* and the SOMO (interaction B).51 The 
overlap will be greatest below the C-M bond since the in­
plane hydrogen is subtracted from the C(2p) orbital. This 
produces a tilt of the methyl group so that CHa is bent 
away from M. Again, The SiCHa angle is larger than the 
SiCHb angle in planar C 3v trimethylsilyl radical.
Figure 3. Interaction of n-b and i r b *  of the methyl group with 
the SOMO on the radical center M  in bisected radicals. The 
interactions result in a tilt of C H, away from the radical center.'
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Figure 4, Interaction of * ,  and t ,* of the methyl group with the 
SOMO on the radical center M  in eclipsed radicals. The inter­
actions result in a tilt  of C H , toward the radical center.
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Turning now to the C 3h (eclipsed) radical form, the 
major interaction will be the 7ra* methyl group orbital 
with the SOMO (Figure 4). This interaction, though stabi­
lizing and attractive with respect to the methyl group 
itself, will result in a tilt of the CHa bond toward M, 
(actually, a tilt of the CHb bonds away from M), because 
of the repulsion in the region below the C-M bond due to 
the opposite phasing of the hydrogen orbitals and the 
SOMO, The interaction A reinforces the tilt because of 
the repulsive three electron interaction. Thus in planar 
C 3 h 'SiMe3 the angle SiCHb is wider than SiCHa . In the 
situations above simple VSEPR arguments may also be used 
to explain the tilt observed in the methyl groups. Here 
the SOMO repels the methyl C-H bonds closest to it.
Concomitant with the angle bending described above, 
there should be a CHa bond stretching in the bisected form 
because of increased electron density in the. 7Tb* methyl 
group orbital. This is evident in the ethyl radical where 
CHa Is 1.089 A and CHb is 1.084 A.43 However in methylsi- 
lyl radical there is no difference between CHa and CHb 
bond lengths. If angle bending is easier than C-H bond 
stretching, then one might see the hyperconjugative effect 
on the H-C-M angle without seeing the effect on the H-C 
bond length, and this may be what is happening in the 
cases of the silyl radicals, where little or no differ­
ences are calculated for the C-Ha and C-Hb bond lengths.
35
In the silyl radicals, H-C-Si angle bending would be 
expected to be easier to accomplish than the H-C-C bending 
of the alkyl radicals because of the generally smaller 
bending force constants for H-C-Si angles as compared to 
H-C-C angles.32
Both 'CMe3 and 'SiMe3 adopt the pyramidal C 3V geometry 
as the lowest energy structure. The tert-butyl' radical 
that has C3h geometry is the lower in energy of the two 
planar structures. For *SiMe3 the planar C 3v geometry is 
lower than C 3h The carbon radical has much shorter heavy 
atom bond lengths than does the silicon analogue, and a 
van der Waals interaction may account for the difference 
of preferred planar geometries.
Molecular mechanics calculations were performed on the 
*CMe3 and *SiMe3 radicals in each of their planar confor­
mations to get a nonguantum mechanical estimate of the 
preferred.geometries. Single shot calculations were done 
using the MM2 program operating on the optimized coordi­
nates obtained in the Gaussian 80 calculations as input. 
The molecular mechanics program apportions the total 
energy into classical compression, bending, stretch—bend, 
van der Waals and torsional energies. It is the van der 
Waals energy in *CMe3 that shows the largest energy dif­
ference between the two planar conformations. The other 
terms show small differences, although in each case the
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C 3h energy is lower than the corresponding energy in the 
planar C 3v form. When all of the 27 H - *-H van der Waals 
interactions (there are six types) are analyzed, one type 
present in planar C3v -CMe3 is a destabilizing interac­
tion. The H b *--Hb distance of Hb 's pointing toward each 
other on adjacent methyl groups (see Figure 2) is 2.413 A 
and has energy of +0.1714 kcal/mol. There are three such 
interactions of this type in the. planar C 3v conformation. 
When the van der Waals energies for the 27 interactions in 
both planar conformations of *CMe3 are added, the C 3h 
structure is lower in van der Waals energy by 0.45 kcal/ 
mol. In the case of *CMe3, C3v may be raised in energy by 
van der Waals interactions, thus bringing the C 3v and C 3h 
energies closer together (only 0.04 kcal/mol separates 
planar C3v and planar C 3h In 4-31G calculations). In 
•SiMe3, where the Si-C lengths are longer, the H---H dis­
tances are thus greater. The van der Waals energies are 
small and stabilizing (the slope of the potential curve is 
smaller at large distances) and nearly equal when the 27 
interactions in both C 3h and C 3v planar 'SiMe3 are added. 
The van der Waals interactions thus do not have import in 
deciding the lower energy geometry in planar -SiMe3, and 
the C 3v structure is lower by virtue of other interactions 
in the radical.
The molecular mechanics program was also used to look 
at the energies of the three pyramidal structures of
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•SiMe3 . Here the van der Waals energy is also not the 
major energy contribution to the preferred geometry. For 
each of the contributing terms the energy increases along 
the series C 3u (1) < C 3 (2) < C 3v (3) (see Figure 2 for
structures). The order of stabilities of the *SiMe3 con­
formations (1-5) found by molecular mechanics calculations 
(steric energy = 3.33, 5.70, 8.02, 11.04, 11.15 kcal/mol,
respectively) agrees with that predicted by the quantum 
mechanical calculations (relative energy = 0, 1.48, 3.13,
13.3, 13.6 kcal/mol, respectively at the 6-21G level).
Inversion Barriers
The calculated inversion barrier for -SiMe3 (13.3 kcal/ 
mol; 6-21G) is considerably larger than that calculated 
for -CMe3 (1.46 kcal/mol) and somewhat larger than the 
experimentally estimated barrier for 1-NpPhMeSi- (5.6 
kcal/mol),27 That last value may be smaller than would be 
expected for the simpler 'SiMe3 due to steric effects.
AH3 "type molecules involving third row elements are 
generally found to have greater inversion barriers than 
their second row analogues and the general character of 
the results, including the larger barriers for silyl radi­
cals compared to carbon radicals can be rationalized in 
terms of S0M0-LUM0 interactions, as suggested for AH3 mol—
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ecules.53 Figure 5 shows the correlation diagram for AH3 
type molecules in planar and pyramidal geometries. The 
lowest unoccupied molecular orbital (LUMO) and singly 
occupied molecular orbital (SOMO) will tend to interact, 
lowering the singly occupied level while raising the LUMO. 
If this lowering In energy is greater than the concomitant 
rise of the E level the pyramidal geometry will be 
favored. Perturbation theory predicts that if the symme­
try is correct for mixing then the extent of mixing will 
depend upon how close these higher lying orbitals are in 
energy and the lowering in energy of the SOMO will be 
according to the equation:
a 2, 2
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As the energy difference between the SOMO and LUMO becomes 
smaller, there will be a greater mixing and a greater low­
ering in energy of the SOMO. Consequently, the planar 
structure that has a smaller S0M0-LUM0 difference will 
have a larger barrier to inversion. The same reasoning 
may be applied to MMe3 radicals. The S0M0-LUM0 levels and 
the lowering of the SOMO in going from a planar to pyrami­
dal geometry is shown for *SiMe3 and -CMe3 in Figure 6. 
The higher lying orbitals have the same gross structure as 
in the AH3 molecules, i.e. the SOMO is nearly a pure p 
orbital on the central atom and the LUMO is mainly s orbi-
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F i g u r e  5. Correlat ion Diagram for AH^ molecules, in 
planar  and p y r a m i d a l  g e o m e t r i e s .
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Figure 7. Possible inversion routes. In A or A' there is a 60° 
rotation of the methyl groups and the radical passes through the 
planar Cy, geometry 4 .  In B there are 30° rotations of the methyl 
groups and the radical passes through the higher energy planar 
Cj* geometry 5.
tals in an antibonding -type MO. The calculational result, 
is that, the carbon radical, which has a large splitting 
(0.567 hartree; 6-21G), has a small inversion barrier, 
1.49 kcal/mol (through the planar C 3v geometry). The 
splitting is much smaller in -SiMe3 (0.398 hartree; 6-21G) 
and the corresponding barrier to planarity much _ larger 
(13.3 kcal/mol). The process of inversion for -SiMe3 is 
not as simple as that of some of the other acyclic radi­
cals studied here. In order for pyramidal C3v -SiMe3 to 
invert through a planar structure and back to pyramidal 
C 3v, the methyl groups must rotate at some point. It is 
worth inquiring whether this process is a synchronous 
rotation of the methyl groups through the C 3h planar geom­
etry or whether the inversion takes place independently of 
this rotation. In 'CMe3 , where the C 3h geometry is the 
lower in energy of the planar structures, inversion passes 
through the C 3h transition state with synchronous methyl 
group rotations. The silicon-centered radical has the C 3v 
geometry as the lower energy planar structure. Figure 7 
shows the energy differences among five *SiMe3 conforma­
tions. The -SiMe3 radical may pass through the lower 
energy planar C 3v geometry (4) via one 60° rotation of the 
methyl groups to structure 3 either before or after 4 
(routes A and A'). In route B, 'SiMe3 would invert 
through the highest energy structure, planar C 3h (5), via 
30° rotations to 2 and without passing through 3. The
42
results thus predict an inversion through the planar C 3v 
geometry with separate rotations of the methyl groups.
Comparison of the 6-21G . 3 -21G and 3-21 G* Levels
The three levels of theory each predicts the same 
ordering of conformations in -SiMe3 with the two minimal 
bases giving nearly equal energy differences. The energy 
differences are slightly larger at the 3-21G* level. All 
agree in the bond length and bond angle trends from one 
conformation to another and are very nearly the same in 
prediction of CH bond lengths and the bond angles. The 
extent of pyramidalization of the radicals is similar for 
each of the levels of theory. The major difference among 
the levels is that the minimal bases both predict long 
Si-C bond lengths with the 3—21G* basis yielding Si—C bond 
lengths more in agreement with known Si-C bond lengths.
Chapter II: Inversion Barriers for 3— , 4-, and 5-membered
Rings
Silacycloalkyl ring systems could provide a suitable 
system to obtain an inversion barrier at silicon in much 
the same way that Ingold27 and co-workers estimated the 
inversion barrier in the 1-NpPhMeSi radical. The barrier 
should be low enough so there is not complete retention, 
but high enough so that racemization does not take place.
The smaller silacycloalkane rings, silacyclobutane, 
-pentane, and -hexane have been known for decades and many 
of their derivatives are synthesizable and stable. Much of 
their reaction chemistry has been studied. The silacyclo- 
propane ring has been synthesized by stabilization with 
spiroannulated substituted cyclopropane rings leading to 
thermally stable species.54 Hexamethylsilacyclopropane has 
also been synthesized and is quite unstable in air.65
The rings have different conformations available to 
them. Silacyclopentane exists in the twist Cz form, the 
envelope Cs form and as a flat C Zv ring among other intei—  
mediate conformations. Silacyclobutane exists as the 
puckered Cs conformer or in the flat C 2v ring conforma­
tion. • The magnitudes of the energy differences among 
these conformations in the five— and foui— membered rings 
will be discussed later in connection with 3-21G* opti­
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mized results, Silacyclopropane has only the flat ring 
available to it.
To investigate the effect that substituents have on the 
inversion barrier in the ring radicals, the ring geome­
tries are confined to those in Figure 8. These ring con­
formations are expected to be the lowest energy ones for a 
particular system; that is, only the puckered (Cs ring 
symmetry) conformer in the silacyclobutyl system and the 
twist (Cz ring symmetry) conformer in the silacyclopentyl 
system are discussed here.
Calculations on three-, four—  and five-membered silacy- 
cloalkane rings were first carried out using an STO—3G* 
basis set. The structures were not optimized. In the 
following chapter, the different available ring conforma­
tions mentioned above are investigated at a higher level 
of theory. Input for these calculations was derived from 
various sources. ' The three-membered rings were approxi­
mated from a crystal structure56 of a silacyclopropane 
ring containing molecule. The silacyclobutane ring was 
obtained from minimized molecular mechanics structures of 
the 1,1-dimethylsilacyclobutane molecule.57 This molecule 
was abitrarily chosen as input because the final Si-C bond 
lengths derived from the molecular mechanics calculation 
for silacyclobutane itself were much longer 02.1 A) than 
normal. The silacyclopentane rings were obtained from the
\W
/
Si
r
\
Y = H, CH3 , F
Ring g eo m e trie s .
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molecular mechanics structure minimized for
1,1-dimethylsilacyclopentane. Standard Si-Y bond lengths 
were used where appropriate. The pyramidal radicals were 
calculated to be stabler than the planar radicals for each 
ring system and the size of the planar— pyramidal barrier 
increased with decreasing ring size. Within a given ring 
system the planar-pyramidal barrier increases as the sub­
stituent changes from H to CH3 to F (Table III). A large 
barrier to inversion through a planar structure manifests 
itself in the high retention of configuration observed in 
reactions of silyl radicals. The calculated barrier to 
inversion is largest in the silacyclopropyl radical sys­
tem. This is a consequence of the strain inherent in the 
three-membered ring. The experimental56 C-Si-C ring angle 
is 49° in the silacyclopropane ring in the dispirosubsti- 
tuted crystal below:
CH>C4U
When passing through the planar structure this angle must 
expand to alleviate the accompanying ring strain. In the 
silacyclobutane ring the C-Si-C angle is 78° and so there 
is less strain in this ring than in the silacyclopropane 
ring system, but probably more* importantly the strain may
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Table III. Inversion Barriers Calculated by 
ST0-3G# for Substituted Three— , Four—  and Five- 
membered Rings
Ring Size Y=H Y=CH3 Y=F
3 46.1 48.1 67.6
4 33.5, 32.7 35.2, 35.8 49.2, 50.4
5 30.8 31.7 48
Barriers are in kcal/mol. First value listed for 
'silacyclobutane ring is for endo radical, the 
second for exo.
Ring C-Si-C
Size Ring Angle
3
4
5
49°
78°
97°
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be accomodated through stretching of the four ring bonds 
more easily than in the three-membered ring. The barrier 
is even smaller in the silacyclopentyl radical system 
where the C-Si-C ring angle is 96°. This angle is further 
toward tetrahedral and the stretching and bending may now 
be shared over five ring bonds.
In order to keep continuity in the discussion in this 
chapter concerning substituent effects in these rings, 
hydrogen is considered a substituent along with methyl and 
fluorine.
Five—membered Rinqs
The effect of SOMO/LUMO mixing on the size of the 
inversion barrier as a consequence of substituent can be 
rationalized in the same manner as was done for the trime- 
thylsilyl radical. The left hand side of Figure 9 shows 
the separation in energy between the SOMO and LUMO in the 
planar conformation of substituted silacyclopentyl radi­
cals. Regardless of substituent the SOMO is made up pre­
dominantly of an Si p orbital. The LUMO is an antibonding 
type orbital comprised mainly of an Si s orbital out of 
phase with an s * orbital on the substituent and the two 
nearest ring carbons. Proceeding left to right in the 
diagram shows that hydrogen has the largest splitting and
o -# = 4
H Cl-U F
LUMOs
& £=.464
SOMOs
4E= .454 4E=.391
.339
_ X _  ^ 4*3=.115
\  \  .086
s V ^ Ej=-
= .097
s
4E=. 086 s s
N\
s
\
Barriter, kcal/mol
STO-3G* 3-21G
H 30.8
CH3 31.7 
F 48.0 29.8
SOMOs
Planar Pyramidal
Figure 9 . Effect of substituent on SOMO/LUMO interaction in 5-m em bered Si-containing rings.
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■the SOMO/LUMO difference decreases through methyl to fluo­
rine. The greatest interaction between these MOs then, 
occurs in the fluoro-substituted radical. The energy dif­
ference between the SOMO and LUMO is 0.391 hartree (0.339 
hartree by 3-21G) in fluorosilacyclopentyl radical and the 
SOMO is stabilised in the pyramidal radical (right-hand 
side of Figure 9) relative to the planar radical to a 
greater extent than in the cases for the methyl- and 
hydrogen-substituted radicals. In fluorosilacyclopentyl 
radical the SOMO is lowered by 0.115 hartree (0.086 hat—  
tree by 3 -21G). The SOMO/LUMO difference is larger in the 
methyl-substituted radical (0.454 hartree). Since the two 
molecular orbitals under consideration are farther apart 
in energy the perturbation is not as great. Consequently, 
the SOMO lowering in methylsilacyclopentyl radical is 
smaller , 0.097 hartree. In the hydrido substituted radi­
cal the SOMO/LUMO splitting in the planar radical (0.464 
hartree) is only slightly greater than in the methyl sub­
stituted radical and the SOMO is lowered by 0.086 hartree 
on pas.sing to the pyramidal radical.
The closeness in energy of the SOMO and LUMO and the 
amount of lowering of the SOMO on passing to the pyramidal 
radical then, is indicative of the magnitude of the radi­
cal inversion barrier. The size of the barrier is largest 
for fluorosilacyclopentyl radical, .48.0 kcal/mol
(SOMO/LUMO spacing = 0.391) and decreases through methyl,
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31.7 kcal/mol, to hydrido, 30.8 kcal/mol. The greatest 
change of inversion energies occurs between that for 
fluoro and methyl. The change in the SOMO/LUMO splittings 
between the fluoro- and methyl-substituted radicals is 
0.454 - 0.391 ~ 0.063 hartree. The SOMO/LUMO splitting is 
larger by only 0.010 hartree in the hydrogen substituted 
than in the methyl substituted radical and there is only a 
small decrease in the inversion barrier in silacyclopentyl 
radical than in methylsilacyclopentyl radical from 31.7 to
30.8 kcal/mol.
Foui— membered rings
In the puckered silacyclobutane ring system there are 
two possible conformations for a pyramidal radical- one in 
which the substituent is on the same side of the C-Si-C 
plane as the ring £-carbon (endo), or on the opposite side 
Cexo). If the ring can invert then one conformer can be 
converted into the other without inversion at silicon. 
This will be discussed in more detail in the next chapter. 
The energy spacings between the SOMO and the LUMO in the 
planar radicals are shown on the left hand side of Figure 
10. Values calculated by the 3-21G level are given 
beneath those of the ST0-3G# level. The SOMO is an Si p 
orbital and the LUMO is comprised of the Si 3s orbital out
Barrier, Kcal/mol
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Figure 10. Effect of substituent on SOMO/LUMO interaction in 4-membered Si-containing rings.
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of phase with orbitals on the two adjacent carbons made up 
of contributions from s and p atomic orbitals and an s 
orbital on the substituent.
The energy spacing is largest in the hydrogen substi­
tuted radical (0.45? hartree) and only slightly decreases 
in the methyl substituted radical (0.434 hartree). 
Because of this there is not a large difference in the 
energy barriers between the hydrogen- (34 kcal/mol) and 
methyl-substituted (35.2 kcal/mol) radicals. In contrast, 
the splitting in fluorosilacyclobutyl radical is much 
smaller (0.378 hartree) than in either the hydrogen- or 
methylsilacyclobutyl radical and so there is a greater 
perturbation that arises out of the S0M0-LUM0 interaction. 
The inversion barrier increases markedly over those of the 
other radicals. The barrier with fluorine as the substit­
uent is 49.2 kcal/mol. The larger increase in the invei—  
sion barrier from Me to F than the increase from H to Me 
correlates to the larger decrease in the SOMO-LUMO split­
ting from Me to F (0.056 hartree) than from H to Me (0.017 
hartree).
The SOMO is also lowered the most in fluorosilacyclobu­
tyl radical (endo: 0.105 hartree; exo: 0.115 hartree) and
to a lesser amount in methylsilacyclobutyl (endo: 0.089
hartree; exo: 0.103 hartree) and hydridosilacyclobutyl
(endo: 0.081 hartree; exo: 0.092 hartree) radicals.
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Three-membered rings
As in the ring systems above, the SOMO is a molecular 
orbital comprised essentially of an Si atomic orbital. 
The Si 3s orbital contributes itself mainly to the LUMO 
with the substituent group s orbital and two ring carbon s 
and p orbitals- out of phase to the Si orbital. The 
SOMO/LUMO splittings for the fluoro-, methyl- and hydro­
gen-substituted silacyclopropyl radicals are 0.327, 0.395, 
0.412 hartree, respectively as calculated by ST0-3G* 
(Figure 11). The values beneath these were calculated by 
3-21G. The ST0-3G* level yields the A" form of the SOMO 
in the pyramidal radical for the three-membered. rings 
instead of the expected A* . The crystal structure56 that 
was used for the coordinates in the Gaussian 80 program 
has Si-C(ring) bond lengths of 1.826 A. The SOMO is still 
incorrect if 1.866 A is used instead. However, the form 
of the SOMO in the pyramidal radical does not affect the 
treatment here. The SOMOs of ' concern are in the planar 
radical and both ST0-3G# and 3-21G find this as the B z 
type orbital.
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Figurell.Effect of substituent an SOMO/LUMO interaction in Si-containing 3-membered rings.
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The SOMO lowering reported here for ST0-3G* is found by
following the SOMO over from the planar radical to the MO
shown for the pyramidal radical. This MO lies just below 
that given as the SOMO by ST0-3G*. The 3-21G level does 
find the correct SOMO in the pyramidal radical. Because 
of the nearness in energy of the SOMO and LUMO of the 
fluorosilacyclopropyl radical (relative to that of the 
other two substituents) the SOMO is lowered by the great­
est amount in passing from the planar to the pyramidal
radical. The SOMO of the H-substituted radical is stabi­
lized by the least amount. Also arising out of this prox­
imity in energies of the SOMO and LUMO of 
fluorosilacyclopropyl radical is the highest inversion 
barrier for the substituted three-membered rings, 67.6 
kcal/mol.
The barrier to inversion is 46.1 kcal/mol in the hydro­
gen-substituted silacyclopropyl radical and is the small­
est inversion barrier in the three-membered rings studied.
Here again, as in the foui—  and five-membered rings, 
there is a greater increase in the barrier when the sub­
stituent is changed from methyl to fluoro (67.6- 48.1=
19.5 kcal/mol) than from hydrogen to methyl (48.1- 46.1=
2.0 kcal/mol). These results parallel the differences in 
the SOMO/LUMO splitting between the fluoro- and methyl- 
substituted radicals and between the methyl- and hydrogen-
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substituted radicals. The larges-t change CO.395- 0.327= 
0.068 hartree) is between the fluoro and methyl substit­
uents. A much smaller change, 0.017 hartree, between the 
methyl and hydrogen substituents results in a smaller 
increase in the barrier form 46.1 to 48.1 kcal/mol as men­
tioned above.
Comparison of Three— . Four- and Five-membered Ring Systems
The trends are consistent with regard to the size of 
the inversion barrier and the amount of lowering in energy 
of the SOMO for each particular substituent. As the ring 
size is decreased from the five-membered ring to the four—  
and three-membered rings where hydrogen is the substit­
uent, the SOMO/LUMO interaction in the planar stucture 
increases; that is, these two MOs become closer in energy 
to each other. The SOMO/LUMO splitting for silacyclopen­
tyl radical is 0.464 hartree and decreases to 0.451 har—  
tree in silacyclobutyl radical and 0.412 hartree in 
silacyclopropyl radical. Because of this, the lowering in 
energy of the SOMO in the respective pyramidal stuctures 
increases as the ring size decreases. The SOMO is lowered 
in the five-membered ring by 0.086 hartree, in the foui—  
membered ring by 0.081 hartree (endo) and 0.092 hartree 
(exo), and in the three-membered ring by 0.105 hartree.
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The barrier -to inversion also increases from 30.8 kcal/mol 
in silacyclopentyl radical to 34.0 and 32.7 kcal/mol in 
the endo and exo silacyclobutyl radicals respectively, to
46.1 kcal/mol in the silacyclopropyl radical (Table III).
These trends relative to ring size occur also whether 
the substituent is methyl or fluoro. The differences In 
S0M0-LUM0 energies for the methyl substituent as the ring 
size is changed from five to four to three atoms are 
0.454, 0.434 and 0.395 hartree respectively. The SOMO of 
each planar radical drops in energy on passing to the 
pyramidal structure by a larger amount in a first approxi­
mation as the ring is made smaller. For methylsilacyclo- 
pentyl radical the SOMO is lowered by 0.097 hartree and is 
lowered by 0.089 hartree (endo) and 0.103 hartree (exo) in 
methylsilacyclobutyl and by 0.120 hartree in methylsilacy- 
clopropyl radicals> The inversion barriers increase along 
this series from 31.7 to 35.2 (endo) and 35.8 (exo) to
48.1 kcal/mol (see Table III).
In fluorosilacycloalkanes the energy spacings between 
the SOMO and LUMO in the planar radicals are 0.391 hartree 
in 'SiHCdHe, 0.378 hartree in *SiHC3H 6 and 0.327 hartree 
in -SiHCzHq. In this series the SOMO is lowered in the 
pyramidal structures by 0.115, 0.105 (endo) and 0.115
(exo) and 0.143 hartree while the barrier increases from
48.0 to 49.2 (endo) and 50.4 (exo) to 67.6 kcal/mol 
respectively (Table III).
Whatever the particular substituent then, the increase 
in the inversion barrier is greater between the four- and 
three-membered rings than the increase between the five- 
and foui— membered rings. The same is true regarding the 
lowering of the SOMO. The greater lowering of the SOMO 
energy on passing from a planar to the respective pyrami­
dal structure occurs between the four- and three-membered 
rings. Again, both these effects parallel the changes in 
the differences of the SOMO/LUMO spacing for a particular 
substituent on going from one ring to the next. The 
change is. larger between the foui—  and three-membered 
rings than between the five- and foui— membered ones.
In common ring angle strain terms, when the radical 
center changes from pyramidal to planar, the bond angles 
about the radical center expand. The widening out of the 
angles creates more bond angle strain in the smaller rings 
than in larger ones.
Chapter III: Higher Level Calculations on Silacycloalkyl
Radicals
In order to further test the method of SOMO/LUMO intei—  
actions of the previous section, full.optimizations were 
performed on various conformations of the silacyclopropyl, 
-butyl and -pentyl radicals.
As mentioned earlier a split valence basis set with 
polarization functions on silicon gave Si-C bondlengths 
closer to anticipated values. The 3-21G* basis set was 
thus chosen as the basis set for the calculations which 
follow. Geometry optimizations and energy minimizations 
were done on the ring symmetries shown in Figure 12. The 
silacyclopentane ring was constrained in one of three sym­
metries. The twist ring, sometimes called half—chair con­
formation, has local Cz symmetry. The ring was also 
restricted in the envelope or puckered conformation of Cs 
symmetry and also a flat ring C 2v symmetry. The two sym­
metries of importance in the silacyclobutyl radical are 
the puckered (Cs) and flat (C2v) ring symmetries. Of 
course there is only one ring symmetry (C2v) possible for 
the silacyclopropane ring.
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Three-membered Ring
The minimized energies calculated for the silacyclopro- 
pyl radicals and their geometric parameters are given in 
Table IV. The lower energy of the two possible conforma­
tions of silacyclopropyl radical is the pyramidal struc­
ture.
Starting from the basic geometry of the previously men­
tioned crystal structure, that contains a silacyclopropane 
ring, the pyramidal geometry was optimized first at the 
3-21G level. The Si-C bonds rapidly stretched during min­
imization from 1.826 A given by the crystal structure, and 
optimized at 1.904 A. The C-C bond length was calculated 
to be 1.562 A, Si-H equal to 1.489 A and angle C-Si-C 
equal to 48.4°. The final geometry from 3-21G was used as 
the starting point at the 3-21G* level and the optimized 
parameters are given in the table. The x-ray diffraction 
determination of the C-Si-C ring angle was 49.2 which is 
close to that found by 3-21G* on the unsubstituted pyrami­
dal radical. This final 3 -21G# geometry was in turn used 
in the ST0-3G# basis. At the ST0-3G* level, the optimized 
Si-C bond length dropped to around 1.8 A with angle C-Si-C 
equal to 51.7° and the C-C bond length 1.566 A. The Si-H 
bond length was calculated to be the shortest of the three 
bases at 1.435 A by ST0-3G*. Neither of the split-valence 
basis sets gives unreasonable geometries based on the lim­
ited amount of structural data on silacyclopropane rings 
available to compare the geometries with. The ST0-3G*
Table IV. Geometric Parameters and Energies for
Silacyclopropyl Radical
pyramidal planar
Cs (6) C 2v (7)
energy, hartrees -365.56297 -365.52397
AE, kcal/mol 0 24.5
d(Si-H) 1 .476 1 .454
d(Si-C) 1 .852 1 .838
dCC-C) 1 .586 1 .625
d(C“Ha) 1 . 077 1 .077
d(C-Hb) 1 .077
ZC-Si-C 50.7 52.5
ZSi-C-C 64.6 63.8
ZH-Si-C 1 18.5 153.8
ZHa-C-Si 119.9 121.1
ZHb—C-Si 120.5
ZHa—C—C 115.4 114.2
ZHb-C-C 114.8
Both radicals 3-21G» optimized. Bond lengths are 
reported in angstroms and bond angles in degrees.
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basis gives Si-C and Si-H bond lengths very much shorter
than the split-valence bases. However, all of the bases
give reasonable values for the C-Si-C ring angle.
As the radical passes toward planar the ring C-Si-C
angle expands from 50.7° to 52.5°- (3-21G*) to relieve
somewhat the ring strain. Along with this the expansion 
of the C-Si-C angle the bonds to the radical center con­
tract, thereby allowing a smaller increase in the C-C bond- 
distance than would be the case without this shortening.
The SOMO/'LUMO spacing is 0.367 hartree, smallest for 
the rings studied here. The perturbation is then greatest 
for the silacyclopropyl radical and the inversion barrier 
the largest of the rings here (24.5 kcal/mol).
Foui— membered Rina
The calculated energies and some geometric parameters 
are given in Table V. The lowest energy stucture is pre­
dicted to be the puckered ring endo radical (structure 8) 
with the exo radical lying only 0.3 kcal/mol higher. The 
angle of puckering in the radicals, as measured by the 
acute dihedral angle formed by the C-Si-C and C—C-C 
planes, describes the degree of planarity in the radicals. 
A ring having an angle of puckering of 0° is a flat ring.
Table V. Geometric Parameters and Energies for Silacyclobutyl Radical
puckered ring flat ring
endo (8) exo (9) planar
(10)
pyramidal
(11)
planar
(12)
energy, hartrees -404.41198 -404.41146 -404.38876 -404.41140 -404.38881
aE, kcal/mol 0 0.33 14.57 0.37 14.54
pucker 22.7;0.39 17.9;0.31 5.8;0.10 0; 0 0; 0
d(Si-H) 1 .482 1 .482 1 .465 1 .483 1 .405
dCSi-C) 1 .900 1 .899 1 .891 1 .899 1 .891
d(C-C) 1 .585 1 .585 1 .592 1.588 1 .593
d(C-Ha) 1 .082 1 .081 1 .081 1 .084 1 .082
d(C-Hb) 1 .084 1 .085 1 .082 1 .082
d(C-Hc) 1 .082 1 .082 1 .081 1 .081 1 .081
d(C-Hd) 1 .082 1 .081 1 .081 1 .081
ZC-Si-C 80.2 80.3 ,83.0 81 . 1 83. 1
ZSi~C~C 87.3 87.9 86.5 88.4 86.5
ZC-C-C 101 .0 101 .2 103.8 102. 1 103.9
ZH~Si-C 1 13.8 1 18.4 138.5 1 16.4 138.5
ZHa-C-Si 120.0 120.2 1 18. 1 1 15.9 1 17.3
ZHb-C-Si 1 13.4 1 13. 1 116.6 1 17.2
ZHa-C-C 1 14.7 1 14.2 1 12.9 -1 12.8 1 12.6
ZHb-C-C 1 10.8 111.3 1 12.2 1 12.8
ZHc-C-C 109.9 110.2 110.4 111.4 110.9
ZHd-C-C 1 13.5 1 13. 1 111.5 111.6
All radicals 3-21G# optimized. Bond lengths are in angstroms; bond angles in degrees.
H,
Another description of the degree of planarity would be 
the distance of the ring 0-carbon from the plane described 
by the C-Si-C plane. For a planar ring this distance 
would be zero. These two terms are combined into one 
measure, the degree of puckering, since, at least geome­
trically, each may change independent of the other. The
degree of puckering for a planar ring is then 0°/0A. In
the endo radical the degree of puckering is 22.7°/0.39A; 
that is, the ring is approximately 23° from planarity. 
This measurement is 17.9°/0.3tA in the exo radical. As 
the radical center tends to planarity the C-Si-C angle 
expands to alleviate ring strain. The C-Si-C angle in the 
endo radical is 80.2° and increases to 83.0° in the radi­
cal having a planar center. As this occurs the 0-carbon 
must swing down toward the C-Si-C plane forming a flat 
ring. The angle of ring puckering in the optimized struc­
ture when the radical center is planar is 5.8°, very close
to a flat ring. As a matter of fact, the structure of the
conformation with Cs symmetry having a planar radical cen­
ter C10) is very close to that of the planar radical with 
the flat ring C12) that has C 2v symmetry. This radical, 
12, is actually very slightly lower in energy than confoi—  
mation 10. However there is a barrier between the two! 
The puckered ring will not pass to the planar ring within 
the C s framework, and if the planar ring is allowed free 
movement to pass to the puckered ring it does not do so
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during -minimization; the ring remains in the flat ring 
configuration.
When a pyramidal radical goes to the conformation hav­
ing a planar radical center, the bonds about the radical 
center contract slightly. The C-C bond lengths also 
increase with the increase in the C-Si-C angle.
As mentioned previously, the starting geometry in the 
ab initio calculations were taken from an MM2 result for
1,1-dimethylsilacyclobutane. The Si-C(ring) bond lengths 
are 1.901 A in the MM2 optimized structure. Partial opti­
mization within the 3-21G basis begins to increase this 
bond length to around 1.94 A in the exo radical. 
Optimization by 3—21G was therefore discontinued. When 
optimized in 3—21G*, the Si-C bond lengths do not change 
much from the starting geometry. However, the angle of 
puckering in the starting geometry is 28.4° which is 
reduced to 22.7° in the endo radical after optimization 
with 3-21G*.
Inversion Paths
How does conformer 8 get to conformer 9 which differs 
in energy by less than 1 kcal/mol? Possible routes are 
outlined in Figure 13. The route involving only pyramidal 
inversion at the radical center is a high energy route
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12
4E= 14.57 A E= 14.24A  E= 14.18
8
9
Figure 13. Possible conversion routes in silacyclobutyl radical.
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which must pass through the highest energy structure - the 
puckered ring having a planar radical center, conformation 
10. This conformation lies 14.57 kcal/mol above the endo 
structure. Passing through the planar radical forces the 
C-Si-C angle to widen and so the ring must move toward 
planar as the radical center does. Because of this a 
lower energy pathway where both the radical center and the
ring simultaneously pass through planarity might be
expected to be a lower energy route. In fact this path 
(8-12-9) is isoenergetic since there is only a small 
energy difference between 10 whose ring is almost planar 
(degree of puckering: 5.8°/0.1A) and the planar ring con­
formation, 12. The preferred pathway then appears not to 
be inversion of the radical center but instead ring inver—  
sion., path 8-1 1-9. Less than 0.5 kcal/mol separates the
endo radical from the flat ring having the pyramidal radi­
cal center.
There have been some studies on silacyclobutane ring 
inversion barriers. A fai— infrared study58 calculates the 
ring puckering barrier to be 440 cm-1 (1.26 kcal/mol) and 
the dihedral angle as 37.1°. Since cyclobutane has no 
dipole moment and so no microwave spectrum, and because 
the ring puckering mode, is IR inactive, information about 
the puckering barrier has been obtained from puckering 
fine structure on an IR fundamental and from the Raman 
spectrum. The puckering barrier was found to be 448 cm-1
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(1.26 kcal/mol) with a dihedral of 34°.59 Two later and 
completely independent investigations of more accuracy in 
the measurements and assignments gave barrier heights of 
518 cm-1 (1.48 kcal/mol)60 and 503 cm-1 (1.44 kcal/mol).61 
The dihedral was found to be about 35° in both cases.
An electron diffraction study of silacyclobutane43 
determined the lengths Si-C = 1 . 8 9  A, C-C = 1.59 A, and 
C-H = 1.13 A. The best model to fit the experimental data 
(molecular intensity and radial distribution curves) was 
one that had a dihedral of 30° and angle CSiC = 80°. A 
later refinement62 of the data gave the bond lengths Si-C 
= 1.895 A, C-C = 1.607 A, Si-H = 1.496 A, C-H = 1.143 A 
and angles C-Si-C = 80.8°, Si-C-C = 85.1°, and C-C-C = 
99.7° with a dihedral angle of 33.6°. Although some 
errors in the determination of the parameters were 
reduced, others increased such as the Si—H bond length, 
which was fixed in the initial study, and the C-H bond 
■lengths.
Silacyclobutane was calculated by 3-21G* using a com­
posite of the optimized parameters obtained for the endo 
and exo radicals. With all the silacycloalkane rings, the 
Murtaugh-Sargent minimization scheme had to be employed 
because of the hopping over the energy surface which 
resulted when using the gradient method. The results 
agree somewhat with the experimental data above for Si-C
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bond lengths and in the ring angles. The 3-21G# optimized 
structure gave the bond lengths Si-C = 1.891 A, C-C =
1.587 A, Si-H = 1.477 A, and angles C-Si-C = 80.4°, Si-C-C 
= 87.8°, and C-C-C = 100.5°. There is quite a large dis­
crepancy in the dihedral angle, 3-21G* predicting a much 
smaller one (20.3°). When the final coordinates obtained 
in the 3-21G* calculation are used as the initial coordi­
nates in the MM2 program the Si-C bond length blows up to 
an unreasonably large value of 2.13 A. Though the bond 
length is reduced in the pyramidal radicals to about 1.94 
A starting from the same 3-21G* structure above, the Si-C 
bond length is still longer than would be expected from
known Si-C bond lengths and the experimental work men­
tioned. The ordering of the energies of the puckered ring 
radicals calculated by MM2 (8<9<10) however, is the same 
as found by 3-21G*. The exo and planar radicals are 
higher in energy than the endo radical by 0.49 and 14.17 
kcal/mol respectively, remarkably close to the 3-21G* 
energy differences. The MM2 structural results approxi­
mate more the 3-21G and 6-21G results for the Si-C bond 
length for trimethylsilyl radical described in the first
chapter. The parameters for the foui— membered ring that
includes silicon are preliminary ones in MM2 and the care 
which must be exercised in this situation has been, dis­
cussed. An MM2 trial option using a preliminary Morse 
function as the bond stretching potential instead of the 
usual function that includes quadratic and cubic terms
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failed -to decrease the Si-C bond length in silacyclobutane 
significantly.63 Frierson’2 has devised some new parame­
ters for Si in foui— membered rings which has enabled him 
to reasonably well reproduce Mastryukov's ’3 electron dif­
fraction structure of silacyclobutane. The calculated 
Si-C bond lengths in Frierson's work were reduced to 1.891 
A although the calculated C-C bond lengths are a good deal 
shorter than the electron diffraction study, 1.557 A ver­
sus 1.585 A. The puckering barrier was calculated to be 
1.33 kcal/mol in good agreement with Laane's value of 1.26 
kcal/mol.
Five—membered Ring
The starting geometries used in the ab initio calcu­
lations for the five membered rings were taken from 
selected minimized parameters obtained from molecular 
mechanics calculations.
Minimized energies and geometric parameters of the 
five-membered rings calculated using a 3-21G# basis set 
are shown in Table VI.
For the unsubstituted radical with Cz ring symmetry 
there is one possible structure for the pyramidal radical. 
This is true also for the flat ring. For the puckered or
Table VI. Geometric Parameters and Energies for Silacyclopentyl Radical
twist ring puckered ring flat ring
C, (13) C, 114)
endo 
C, (15)
exo 
C. (16)
planar 
C. (17)
pyramidal 
C. (18)
planar 
C,„ (19)
energy, hartrees -443.26101 -443.23786 -443.25360 -443.25336 -443.22903 -443.25110 -443.22884
aE, kcal/mol 0 14.53 4.66 4.80 20.07 6.21 20. 19
pucker t=26.8 t=26.0 34.0;0.81 33.8;0.81 I5.8i0.39 =0;0 =0;0
d(Sl-H) 1.432 1.462 1.483 1.482 1.463 1.482 1 .463
dCSi-C) 1.901 
1.900
1.896 1.888 1 .889 1.885 1.892 1.886
d C C ^ l 1 .563 
1 .563
1.566 1.569 1.567 1.573 1.571 1 .574
d<Cm-Cf>) 1.550 1.555 1.579 1.579 1.585 1.578 1.585
dCC-H.) 1.038
1.087
1.085 1.084 1.083 1.083 1.086 1.084
d(C-Hb) 1 .084 
1 .085
1.083 1.087 1.089 1.084 1.085 1.084
dtC-He> 1 .084 
1.084
1.084 1.083 1.083 1.082 1.083 1 .082
dCC-H,,) 1.086
1.086
1.085 1.083 1.083 1.082 1.083 1.082
ZC-Si-C 96.1 99.5 94.4 94.3 101. 1 98.4 102.1
/Si-C-C 103.3
103.3
100.6 104.0 104.1 103.2 106.7 103.6
kb.
ZC-C-C 108. 1 
108.1
109.5 112.3 112.3 1 14.9 114.2 115.3 tV
ZH-Si-C 1 13.5 
1 13.8
130.2 112.4 114.9 129.4 113.2 129.0
ZH.-C-Si 109.7
110.6
112.4 115.1 115.9 1 13.2 110.8 1 12.7
ZHb-C-Si 115. 1 
1 14. 1
114.7 109.4 108.5 1 12.4 112.0 1 12.7
ZH.-C-C ' 109,4
109.2
109.8 1 11.0 110.9 I 10.4 110.4 1 10.2
ZHb-C-C 111.6
111.8
111. i 109.8 109.8 t 10.1 110.2 110.2
ZHc-C?-Crt 111.4
111.3
1 10.9 108.6 108.8 108.4 108 .'9 108.7
ZHd-c f -c ., 109.4
109.4
109.0 109.9 109.8 109.1 109. 1 108.7
ZHc-C?-C# 111.1 
1 11.2
110.5 108.8 108.8 108. 1 108.8 108.4
ZH„-Cp-Cp) 108.9
108.9
103.8 109.9 109.9 108.9 108.8 108.4
«1*M KJ
A>, - />***
'Si
I
All radicals 3-2TG" optimized. Bond lengths are In angstroms; bond angles In degrees. The angle t Is the angle formed 
by the Cp-Cp bond passing through the C-Si-C plane. First values listed for the C| structure are for structural 
parameters on the left hand side of the ring as drawn below. Values below these are for right hand side.
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envelope ring there are two pyramidal forms—  the endo and 
exo radicals. As in the foui— membered rings, the pyrami­
dal radical centers are lower in energy than the planar 
centers for each ring symmetry. The lowest energy struc­
ture is predicted to be the twist ring pyramidal radical 
(structure 13). Next lowest in energy are the pyramidal 
centers of the puckered Cs ring geometries. The endo and 
exo radicals are essentially equal in energy. The degree 
of puckering is nearly the same in both radicals. The 
angle of puckering is defined here as the complement of 
the angle 1—m-Si where 1 and m are the midpoints of the (^  
—C^ and C^-C* distances, respectively, and is about 34° in 
both radicals.
a n j(r  p«W «rin^
Compare this to the foui— membered ring where the angle of 
puckering is 23° for the endo radical and 18° for the exo. 
As in the puckered silacyclobutane rings, the C-Si-C angle 
expands and the degree of puckering decreases when the 
radical center passes to planar. The degree of puckering 
is 16°/0.39A in the corresponding C s planar radical.
In the silacyclobutane puckered ring there is only a 
slight energy difference between endo and exo conformers.
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This difference is even smaller in the larger silacyclo— 
pentane ring; less than 0,2 kcal/mol separates the endo 
and exo radicals. These pyramidal structures are stabi­
lized by about 1.5 kcal/mol relative to the pyramidal rad­
ical of the flat C 2v ring. This is slightly more than the 
exo and endo radicals in the silacyclobutane system are 
stabilized relative to the pyramidal radical of the flat 
ring.
Although the endo and exo pyramidal structures are 
close in energy, the intermediate planar strucure is much 
higher in energy (ca. 15 kcal/mol) than either (see Figure 
14), so interconversion between conformers would not be 
expected unless there is some other lower energy pathway 
between conformers, such as ring inversion. There are two 
pathways between the endo and exo conformers which are of 
lower energies than any others. If both 0-carbons move 
simultaneously into the plane of the C-Si-C angle and then 
out again the radical will pass through the pyramidal cen­
ter flat ring structure C18) which lies about 1.5 kcal/mol 
higher. Alternately the inversion of the ring which 
brings one 0-carbon through the C-Si-C plane and then the 
other in order to pass between endo and exo conformers may 
occur. The radical goes through the lowest energy confor­
mation in the five-membered ring system 13, which has Ci 
(essentially Cz ring) symmetry. This last type of inver­
sion may more closely approximate the pseudorotation of
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H—Si
r H -S i
AE= 20.07AE= 14.53
AE = 
J .  57
Figure 14. Conversion routes in silacyclopentyl 
radical. Route implies a pseudrotational pathway 
between conformers not explicitly shown here. See text 
and Figure 15.
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•the silacyclopentane ring by which -the angle of puckering 
rotates around the ring to take the Cz conformer into its 
other equivalent form and back around into itself. The 
pseudorotation is actually a smoother transition between 
conformers than the transition involving only the 3 carbon 
atoms implied above. . In that case when a 3-carbon passes 
through the C-Si-C plane, four atoms would be in a plane 
simultaneously which would probably be a high energy 
intermediate. In the pseudorotation process on the other 
hand all five ring atoms would be involved and only three 
atoms are ever in a plane at the same time. Figure 15 
gives the course of the pseudorotation64 as a function of 
the pseudorotational phase parameter i>\ for cyclopentane 
the molecule alternates between bent and twist forms at 
intervals of 7r/10 radians. Since all bent forms are 
equivalent, as are all twist forms, the pseudorotational 
barrier may be taken as the energy difference between the 
twist and bent forms. But the twist and bent forms are 
nearly equal in energy65 and cyclopentane is a fluxional 
molecule undergoing pseudorotation freely.
In silacyclopentane, since all the ring atoms are not 
equivalent, ^=0, tt represent bent forms and 3tt/2
are twist forms with other values of 4 being intermediate 
structures.
78
B4“
T 3+
Bi-
Hfry,
T5
Figure 15. Course of pseudorotation in five-members':! 
rings. B: bent (envelope); T: twist (half-chair). The
number on the conformation label gives the the atom
through which the C 2 axis or C s plane passes. The.+ or - 
on the label gives the sense of puckering about the unique 
atom. For the twist forms the + or — indicates the last
position of the unique atom above or below the plane as 4
increases (counterclockwise).
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There have been a number of IR,66 far— IR66*67 and 
Raman66*68 studies of the pseudorotational barrier in sila­
cyclopentane, which is taken to be the energy required to 
go from the stabler C2 twist conformer to the Cs envelope 
(bent) form. The barrier by far-IR67 and Raman68 were 
3.89 and 4.04 kcal/mol, respectively. This is a rela­
tively high barrier to pseudorotation. Germacyclopentane 
is still higher, 4.16 kcal/mol.69 The pseudorotational 
barrier is different from the barrier to planarity, which 
in the cases mentioned is higher. In essence the higher 
barrier to planarity can be avoided by going around it via 
the pseudorotational pathway. The barrier to planarity 
increases from germacylopentane (4.22 kcal/mol)69 to sila- 
cyclopentane (4.46 kcal/mol)68 to cyclopentane (5.21 kcal/ 
mol).70 The ring angle strain is lessened in proceeding to 
the germanium analogue with the twist angle and out of 
plane amplitude also decreasing in this direction. All 
are consistent 'with the observed barriers to planarity. 
The puckering potential or barrier to planarity in the 
foui— membered rings is also higher for cyclopentane than 
for silacyclopentane as mentioned in the previous section. 
The barrier to interconversion or pseudorotation decreases 
from germacyclopentane to cyclopentane, because the bent 
form is stabler relative to the planar form in cyclopen­
tane than in silacyclopentane and germacyclopentane. The 
slightly bent form is only about 20 cm"1 stabler than the 
planar in germacyclopentane.
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Some structural parameters for silacyclopentane have 
been determined by electron diffraction71 and microwave72 
studies. The microwave investigation established the 
twist form as the ground state. Another electron diffrac­
tion4 1 structure determination was made independently of 
the above and used combined data from the mentioned micro­
wave study. A C 2 model was used with the simplifying 
assumptions that all C-H bond lengths and all CCH bond 
angles were constrained to average values and that SiCH 
angles were equal to CCH. The major difference between 
the two electron diffraction studies is the reversal in 
the Ca~C^ and C^-C^ bond lengths. The molecular mechanics 
calculation agrees more with the ordering of the combined 
electron diffraction-microwave study while the 3—21G* cal­
culation predicts a longer C a -Cp more in agreement with 
the electron diffraction study alone. Both calculational 
methods predict these lengths to be nearer a common value 
than the electron diffraction studies.
Molecular mechanics calculations were done on three 
conformations of silacyclopentane, and on the same confoi—  
mations of silacyclopentyl radical done by the ab initio 
method. The energies were all minimized within the partic­
ular point group. Some of the experimental parameters for 
the twist form of silacyclopentane are listed in Table VII 
along with the corresponding 3-21G* and MM2 values.
Table VII. Some Experimental and Theoretical Values for Some Parameters 
of Silacyclopentane.
electr diffr7' microwave7* electr diffr 3-21G* MM2
+ microwave^1
dCSi-H) 1.478m 1 .478 1 .497' 1 .477 1 .485
dCSi-C) 1 .891 1 .87“ 1 .892' 1 .895 1 .905
d(Ca-C0> 1 .564 1 .54“ 1.535' 1 .564 1.539
dtCa-C*) 1 .526 1 54“ 1.580* 
1.112:
1 .549 1 .542
d(C-H) 1 .09 1 .09° 1 .086 1.116
ZC-Si-C 96.4 96.7 96.3d 96.0 96.5
ZSi-C-C 105. 1 103.6d 103.6 102.3
zc-c-c 1 13.7 108.4d 108.0 109.0
T 24 21 25.7 26.8 26.5
Bond lengths are in angstroms; bond angles in degrees. “Assumed. m Frorn the microwave 
study. iIndependent parameters are used to construct the model for the compound, and 
are varied in the least squares analysis.  ^dDependent parameters are calculated from 
the final model.
7lReference 71. ^Reference 72.. '•‘Reference 41.
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In the molecular mechanics calculations on silacyclo­
pentane the difference in energy between the C2 and Cs 
forms is 3.35 kcal/mol (Table VIII). In the radical 
structures the energy required to go from the C x (Cz ring) 
radical to the endo C B radical is calculated to be 3.50 
kcal/mol by MM2 and 4.66 kcal/mol by the 3—21G# basis set. 
The energies and some parameters of the radicals calcu­
lated by MM2 are given In Table IX.
The MM2 program has no capacity to directly deal with 
radical forms. That is, parameters do not exist which 
incorporate a single electron into the energy equations. 
What is assumed here then is that the odd electron can as 
a first approximation be ignored as having no large effect 
on the structural aspects or the relative energies of the 
isomers. Molecular mechanics predicts the same ordering 
of radical energies as the ab Initio calculations except 
that planar C2v is predicted to be lower than planar Cs 
radical. Some geometric parameters and energies of the 
parent molecules are shown for comparison in Table VIII.
What is interesting in the molecular mechanics calcula­
tions is that when the radicals were constrained to planar 
not only did the C-Si-C angle increase but the Si-C bond 
lengths increased in each conformer relative to the pyram­
idal structures. This was unexpected since, as described 
above in the ab initio calculations, the Si-C lengths
Table VIII. Geometric Parameters and Energies for Silacyclopentane 
Calculated by Molecular Mechanics and Ab initio
twist ring puckered ring flat ring
Cz Cs . C2 v
energy, kcal/mol -443.83131 8.41 1 1 .77 14.23
a E, kcal/mol 0 3.36 5.82
pucker t—26.8 t=26.5 141.5;0.88 = 180;0
d(Si-H) 1 .477 1 .485 1 .485 1 .485
d(Si-C) 1 .895 1 .905 1 .904 1 .885
d(Ca-Co) 1 .564 1 .539 1 .539 1 .538
d(C^-Cfl) 1.549 ■ 1 .542 1 .550 1 .547
d(C-Ha) 1 .088 1.115 1.115 1.115
d(C-Hb) 1 .085 1.114 1.115 1*
d(C-Hc> 1 .084 1.116' 1.117 1.117
d(C-Hd> 1 .086 1.117 1.116 it
/C-Si-C 96.0 96.5 92.9 98.7
/Si-C-C 103.6 102.3 102.2 105.4
/c-c-c 108.0 109.0 1 13. 1 1 15.2
ZH-Si-C 113.1 1 12.2 1 12.3 111.9
ZH-Si-C 1 13.6 1 12.9 1 14.0 11
ZHa-C-Si 1 10. 1 107.5 1 12.8 108.7
ZHb-C-Si 1 14.9 1 12.4 106.5
ZHa-C-C 109. 1 110.9 114.0 1 12.3
ZHb-C-C 111.5 113.3 1 10.8 11
ZHc-Cp-Ca 111.4 110.7 108.5 108.8
/Hd-C/j-Ca 109.5 109.7 109.6
11
ZHc-C^ j-Cjg 111.3 111.1 108.9 109.3
ZHd-C/*-C0 108.9 109. 1 110.7 1 *
First value listed for C 2 is 3-21G* result, the second MM2. Bond lengths 
are in angstoms; bond angles in degrees. The angle t  is the angle formed by 
the C -C bond passing through the C-Si-C plane.
co
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Table IX. Geometric Parameters and Energies for Sllacyclopentyl Radical Calculated by Molecular Mechanics
twist ring puckered ring flat ring
C, (13) Ct (14)
endo 
C. (15)
exo 
C. (16)
planar 
C, (17)
pyramidal 
&cs(18)
planar 
Bc2v(19)
energy, kcal/mol 7.55 14.98 11.05 11,54 20.16 13.11 20.14
aE, kcal/mol 0 7.43 3.50 3.99 12.61 5.56 12.59
pucker t=26.2 t=25.0 143.1i.85 142.4:.87 164.9;.36 *180 i 0 H180;0
d(Si-H) 1.485 1 .484 1.485 ' 1.485 1.484 1 .485 1.484
d(Si-C) 1.888 
1.889
1.930 1.883 1.888 1.908 1.872 1.905
dtC^C,,) 1.539 
1.538
1.545 1.539 1.539 1.545 1.538 1.545
d(Cs-Ca) 1.541 1.550 1.548 1.549 1.558 1.546 1.558
dtC-H.) 1.115 
1.114
1.114 1.115 1.115 1.115 1. 115 1. 115
d(C-Hb) 1.114 
1. 115
1.114 1.115 1.115 1.115 1.115
d(C-He) 1,116 
1.1 16
1.116 1.1 17 1. 117 1.117 1.117 1.117
d(C-Hd) 1.117
1.117
1.1 17 1.116 1.116 1.117 1.117 "
/C-Si-C 96.5 100.7 93.1 93.0 102.3 98.4 103.1
/Si-C-C 102.9
102.8
98.2 103.2 102.8 100.5 106.0 101.0
/C-C-C 108.7
108.7
111.7 112.7 112.8 117.2 1 14.8 117.5
/H-Si-C 109.4'
109.9
129.6 108.9 110.8 128.9 108.8 128.5
ZH.-C-S1 107.9
107.4
108. 1 112.7 112.6 111.1 109.2 109.2
/Hb-C-Si 112.2 
112.6
t 12.8 106.5 106.8 107.7 108.1
/H.-C-C 1 10.9 
110.9
I 12. 1 113.5 113.6 113.7 112.3 113.1
ZH„-C-C 112.8 
113.0
113.5 110.9 110.8 1 12.5 112.0
/Hd-Cp-C. 110.8 
110.8
109.9 108.6 108.6 107.8 108.9 108.2
/Hd-Cp-C* 109.8
109.8
109.3 109.7 109.7 108.6 109.0
/He-Cp-Cp 111.2
111.2
110.7 108.9 109.0 108.3 109.3 108.3
/Hd-Cp-Cp
o 
o
*0 
NO 108.4 110.8 110.8 109.5 109.4
Bond lengths are in angstroms! bond angles in degrees.
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would be anticipated to decrease since widening of the 
C-Si-C angle would in itself have moved the a-carbon atoms 
away fronr each other to relieve strain. Therefore it is 
probably more important to question how the new bonding 
arrangement in a planar radical affects the energy equa­
tions than how the odd electron affects the equations. 
The planar arrangement is also not provided for in MM2 and 
the results are questionable.
Comparison of Inversion Barriers for Silacyclopropyl. —bu­
tyl and -pe.ntyj. Radicals
In the ST0-3G calculations mentioned previously the 
size of the inversion barrier went according to ring size 
and SOMO/LUMO energy difference in the planar radicals. 
In the 3-21G» calculations these general trends also hold. 
Table X lists SOMO/LUMO splittings in planar radicals 
according to ring symmetry and ring size. Based upon the 
energy differences, the inversion barrier within a given 
symmetry would be predicted to increase left to right row 
by row. The inversion barriers within a given symmetry 
are listed in Table XI. Anomalous behaviour occurs at the 
Cs ring of the silacyclopentyl radical. If the inversion 
barrier were between that of the C 2v C13.98 kcal/mol) and
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Table X. SOMO/'LUMO Spacings in Planar 
Conformations of Ring Radicals
Ring Ring Symmetry 
S i z© C 2. v ^0 c2
5 0.40494 0.40471 
4 0.39989 0.39984 
3 0.36666
0.40282
Table XI. Inversion Barriers 
Radicals Corresponding to Symmetry
in Ring
Ring Ring Symmetry 
Sizs Cgy Cg c2
5
4
3
13.98 
14. 17 
24.47
15.42
14.57
14.53
87
C 2 (14.53 kcal/mol) rings the trend of inversion barriers 
vs. SOMO/LUMO splitting would hold. What may account for 
this behaviour? The amount of distortion of the ring in 
changing from a pyramidal to a planar radical within a 
particular symmetry plays a part in determining the size 
of the inversion barrier. There is not a great distortion 
or variance between the ring geometries of the planar and 
pyramidal radicals in each symmetry of all rings except 
for the C s ring symmetry of the silacyclopentyl radical. 
Referring back to Tables IV through VI the C-Si-C ring 
angle of the pyramidal radical is seen to increase in the 
planar radical by about 3-4° in the C z and C2v rings while 
the Si-C—C angles decrease by the same amount. However in 
the Cs ring the C-Si—C angle expands by about 7°. 
Therefore the pyramidal structure is lowered by a larger 
amount than would be the case if the ring geometries were 
more similar. To test this hypothesis the pyramidal radi­
cal was chosen at a geometry closer to that of the planar 
radical and the energy difference between the conformers 
calculated. The result was that the energy difference was 
lowered to around 13.98 kcal/mol.
The increases in the size of the inversion barrier as 
the ring is made smaller can be explained in perhaps com­
moner terms. A small ring molecule (not necessarily radi­
cals) would prefer a planar geometry since the ring, angles 
would be larger. For example, in a regular pentagon the
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internal angles are 108°, nearly -tetrahedral. However 
there are torsional effects between neighboring methylene 
hydrogens that force the ring from the plane. Since the 
planar ring bond angles were originally tetrahedral in the 
five-membered ring, there is not so much stabilization 
gained in the non-planar geometry. When a foui— membered 
ring moves from a planar structure with bond angles around 
90° to a non-planar ring, there is a torsional stabiliza­
tion and in addition two ring angles expand while the 
other two contract somewhat to an eguilibrium geometry.
Comparison of the 3-21Gw. 3-21G and ST0-3G* Levels
In the silacyclopropyl radical, on which the ST0-3G», 
3-21G and 3-21G# levels were used, the planai— pyramidal 
barrier is predicted to be largest by the ST0-3G# basis, 
41.5 kcal/mol. This is about twice as large as predicted 
by the split- valence bases (Table XII). The 3-21G and 
3-21G# levels are more nearly in agreement as to the size 
of the barrier, the 3-21G* value being about 4 kcal/mol 
higher.
The 3—21G* basis finds Si-H and Si-C bond lengths 
longer than ST0-3G* but shorter than 3-21G. The 3-21G 
value for Si-H is not unreasonable but the ST0-3G* value 
is quite a bit shorter than might be anticipated, 1.435 A
Table XII, Geometric Parameters
Silacyclopropyl Radical
pyramidal 
Cs C 6)
and Energies for
planar 
C 2v (7)
energy, hartrees -365.56297 -365.52397
-365.52586 -365.49354
-363.27999 -363.21388
a E, kcal/mol 0 24.47
0 20.28
0 41 .49
d(Si-H) I .476 1 .454
1 .489 1 .463
1 .435 1.414
d(Si-C) 1 .852 1 .838
1 .904 1 .888
1 .797 1 .777
d<C-C) ' 1 .586 1 .625
1 .562 1 .597
1 .566 1 .597
d(C-Ha ) 1 .077 1 . 077
1 .076 1 . 076
1 . 082 1 , 085
d(C-Hb ) 1.077 
1 .075
1 .oe2
ZC-Si-C 50.7 52.5
48.4 50.0
51.7 53.4
ZSi-C-C 64.6 63.8
65.8 65. 0
64.2 63.3
ZH-Si-C 118.5 153.8
1 18.6 155. 0
116.0 153.3
ZHa-C-Si 1 19.9 121.1
118.8 119.9
121.4 122.6
ZHb-C-Si 120.5
119.1
121.6
ZHa-C-C 115.4 114.2
116.1 115.1
1 15.5 114.4
ZHb—C—C 114.8
115.8 
114.7
First value listed is 3-21G*, second 3-21G, third
ST0-3G**. All structures optimized. Bond lengths 
are reported in angstroms and bond angles in 
degrees.
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in the -pyramidal radical. The Si—C bond length is too 
short by ST0-3G* C1.797 A) and long by 3-21G, although the 
value 1.904 A is not unreasonable. All other parameters 
are not unrealistic with any of the bases.
Chapter IV: Acyclic Radicals -SiHzY and *SiF3
Calculated energies and geometric parameters of *SiHzY 
are given in Tables XIII-XVI and of *SiF3 in Table XVII.
Geometries
The two types of methyl CH bonds are nearer a common 
length in silicon radicals as discussed for SiMe3. In the 
pyramidal structure (22) of *SiHzCH3 the CHa bond length
is only slightly longer than the CHb lengths (see Figure
16 and Table XIV). As discussed in chapter II, in planar 
forms of silicon centered radicals, the CH bonds of methyl 
groups which are more nearly .eclipsed by the singly occu­
pied orbital on silicon experience a widening of the
Si-C-H angle. The methyl group in planar bisected
•SiHzCH3 (24) shows the same kind of distortion. For
example, in the bisected planar form of *SiHzCH3-, SiCHa is 
112.5° and SiCHb is 110.0° (3-21G* values). In the
eclipsed from of this radical, it is the CHb bond on 
methyl which is more nearly eclipsed by the S0M0 and the
SiCHb angle is 111.7° compared to SiCHa which is 109.1°.
The same trends arise in -CHZCH3 and may be explained by
the PMO argument used for -SiMe3 .
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Figure 16. Geom etries o f monosubstiluted SiH^Y and SiFg radicals.
Table XIII. Geometric Parameters and Energies
of Silyl Radical
C 3v (20) D 3h (21)
energy, hartrees 
a E,kcal/mol 
7. deg 
h/h, A/A 
dCSi-H)
/H-Si-H
-289.11773 
-289.08054 
0 
0
50.9
48.9'
0.454/0.308 
0.439/0.295 
1 .473 
1 .486 
1 10.9 
111.7
-289.10556 
-289.07249 
7.63 
5. 05 
=0 
=0 
= 0/0 
= 0/0 
1 .460 
1 .474 
=  120 
=  1 20
First value listed is 3-21G# optimized 
result; second is 3 -21G. Bond lengths are 
reported in angstroms and bond angles in 
degrees.
Table XXV. Geometric Parameters and Energies of SiH2CHa Radicals
pyramidal forms planar forms
staggered eclipsed bisected eclipsed
(22) (23) (24) (25)
energy, hartrees -327.95501 -327.95324 -327.93868 -327.93866
-327.91781 -327.90651 -387.45897 -387.43770
iE,kcal/mol 0 1.11 10.25 10.26
0 7. 1
7,deg 50.6 49.9 s0 =0
A 49.3 so sO
h/h, A/A 0.496/0.311 0.491/0.308 =0/0 sO/0
0.487/0.302 =0/0 =0/0
d(Si-C) 1 .888 1 .896 1 .890 1.889
1 .924 1 .922
d(Si-H) 1.477 1.477 1.462 1.462®
1 .462
1.491 1 .477
ZH-Si-C 111.6 112.0 120.7 120.6®
120.8a
1 12. 1 120.8
ZH-Si-H 109.1. 108.9 1 18.7 118.6
109.7 1 18.5
d(C—Ha) 1.087 1.085 1 .085 1.086
1.086 1 .083
d(C-Hb) 1.086 1.086 1 .085 1.085
1.084 1 .084
ZSi-C-H, 1 10.9 111.6 1 12.5 109. 1
1 10.7 111.9
ZSi-C-Hb 110.9 110.7 110.0 111.7
110.5 109.8
First value is 3-21G*, second is 3-21G. All radicals optimized. 
Bondlengths are reported in angstroms and bond angles in degrees.
*H atom is Hc;dH atom is Hd. 'O
•I*
Table XV. Geometric Parameters and Energies of SiHzCHzF Radicals
pyramidal forms planar forms
staggered eclipsed gauche bisected eclipsed
(26) (27) (23) (29) (30)
energy, hartrees -426.25654 -426.25364 -426.25640 -426.24043 -426.23886
a E,kcal/mol 0 1 .82 10.11 11.10
7 > deg 52.9 52. 1 53.3 =0 =0
h/fi, A/A 0.507/0.320 0.509/0.319 0.511/0.322 =0/0 so/0
d(Si-C) 1 .892 1 .904 i . 896 1 .886 1 .901
d(Si-H) 1 .475 1 .475 1 .471 1 .460 1.456
1 .476 1 .461
ZH-Si-C '110.1 110.8 109.6 1 19.9 1 18.9
110.03 119.26
ZH-Si-H 110.71 109.36 120.13 121.89
d(C-Ha) 1 .084
d(C-Hb) 1 .082 1 .083 1 .082 1 .082 1 .081
ZSi-C-Hg 112.60
ZSi-C-Hb 112.73 111.81 113.07 1 10.62 113.18
d(C-F) 1 .429 1 .424 1 .426 1 .424 1 .423
ZF-C-Si 106.27 109.05 106.13 111.64 105.16
All radicals 3-21G# optimized. Bondlengths are reported in angstroms and bond angles 
in degrees.
Table XVI. Geometric Parameters and Energies -
of Fluorosilyl Radical
C B (31) C Zv (32)
energy, hartrees -387.52025 -387.49086
-387.45897 -387.43770
a E ,kcal/mol 0 18.44
0 13.35
7, deg 54.5 =0
A 53.3 SO
h/h, A/A 0.499/0.33-1 =0/0
0.493/0.322 =0/0
d(Si-F) 1 .595 1 .598
1 .640 1 .643
d(Si-H) 1 . 472 1 .450
1 .483 1 .460
ZF-Si-H 1 09.4 1 16.0
109.9 115.7 .
ZH-Si-H 110.1 128. 1
1 10.7 123.7
First value is 3-21G* optimised; second
3-21G. Bondlengths are reported in angstroms 
and bond angles in degrees.
Table XVII. Geometric Parameters and Energies 
for Two Conformations of Trifluorosilyl
Radical
' 3 V (33) D 3 h (34)
energy, hartrees 
a E, kcal/mol 
7, deg 
h/h, A/A 
d(Si-F)
ZF-Si-F
-584.35050
-584.24278
0
0
60.2 
61 .7
0.582/0.370 
0.612/0.380 
1 .574 
1 .610 
107.2 
106.4
-584.22348 
-584.13431 
79.71 
68. 06 
=0 
=0 
=0/0 
=0/0 
1 .581 
1.616 
= 120 
= 120
First value is 3 -21G« optimised; second is 
3 -21G. Bond lengths are reported in angstroms 
and bond angles in degrees.
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The degree of pyramidalization in various radicals is a 
function of ■the substituent-s on the radical center. 
Uncertainties could arise in comparing various measures of 
pyramidalization among symmetrical and unsymmetrical radi­
cals. Specifically, there is more than one y angle in a 
radical not possessing a C3 axis of rotation. The ones 
cited in the tables are measured using the plane defined 
by silicon and the two hydrogens. The angle y then is 
that between the plane and the Si—Y bond. The vertical
A
distance h is defined by using normalized distances 
along the bonds and is probably the most reliable measure 
of pyramidalization among the diverse radicals.
The replacement of H by electronegative atoms such as 
fluorine increases the degree of nonplanarity of carbon 
radicals, as indicated experimentally3-B and theoreti­
cally . 6jbj9jz 2 The same trend has been found for the silicon 
radicals experimentally10 and theoretically. zz An explana­
tion of this effect points out that electronegative sub­
stituents reduce the electronic charge density in the bond 
orbitals, increasing the s population of the lower energy 
orbital containing the odd electron and resulting in 
greater pyramidalization.73 An alternative way of looking 
at the same effect would be to argue that highly electro­
negative atoms decrease bond pail— bond pair repulsions, 
resulting in narrower angles. The results confirm the 
previous observations and indicate that the electronega­
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tive atom effect with fluorine is quite substantial, -SiF3 
being by far the most pyramidalized silyl radical in this 
study.
The effect of alkyl groups on silyl radical geometry is 
a controversial subject. ESR measurement of 29Si 
couplings in MenH 3 -nSi* were interpreted to mean that the 
radicals become less pyramidal with increasing methyl sub­
stitution.15 Later measurements of a-proton couplings were 
interpreted to reinforce that conclusion.16 However, 
another group assigned positive rather than negative signs 
to the ESR a-proton couplings and concluded that there is 
a slight increase in deviation from planarity with 
increasing methyl substitution.17 The 0-proton couplings 
were interpreted as reinforcing that view. The results 
here are in better agreement with the second interpreta­
tion. The effects of Me substitution are much smaller 
than those of F substitution but are consistently in the 
direction of increasing pyramidalization, as measured by
a
h .
Energies and Inversion Barriers
In all the *SiH2Y radicals studied the pyramidal forms 
are stabler than the planar in each system of radicals. 
The barrier between the bisected planar radical and the
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staggered radical that results on pyramidalization 
increases in the series Y = H < CHZF ~ CH3 < F and are 
7.6, 10.1, 10.3, 18.4 kcal/mol respectively, as calculated
using the 3-21G* basis set. A silicon p orbital is the 
singly occupied molecular orbital in the planar radical. 
The LUMO is an s orbital on silicon out of phase with s 
orbitals on the hydrogens or fluorine attached to silicon. 
When a carbon atom is attached to the radical center an s 
and also a p orbital of the carbon are out of phase with 
the silicon orbital. The corresponding SOMO/LUMO spacings 
in the planar radicals are 0.454, 0.439, 0.427, 0.396 har- 
tree respectively.
The effect that adding electronegative substituents has 
on the barrier height was discussed earlier. Substitution 
at the silyl radical center by three F atoms results in 
the largest barrier to planarity observed in these calcu­
lations, 68.1 kcal/mol. The calculated parameters for 
*SiF3 are shown in Table XVII.
Of the two pyramidal forms shown below for SiHzCHzY, 
the staggered conformer is always stabler than the doubly 
eclipsed conformation where two CH bonds are eclipsed with 
the SiH bonds.
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The radical inversion barrier between these two forms 
which passes through the bisected planar form is approxi­
mately 10 kcal/mol for both 'SiHzCHa and *SiHzCHzF. The 
high barrier through the respective planar radicals can be 
circumvented by rotation of the eclipsed form about the 
Si-C bond into the staggered form. The difference in 
energy between the two pyramidal forms is 1 kcal/mol for 
•SiH2CH3 and 2 kcal/mol for *SiH2CHzF. However, no unique 
product would be formed with abstraction by the pyramidal 
radical as a consequence of this rotation, as would be the 
case of pseudorotation of a ring radical (see discussion 
on silacycloalkane rings). So although there is a low 
energy pathway between -pyramidal forms, there cannot be 
stereoisomeric products formed via rotation even if there 
is a different substituent at silicon in place of hydro­
gen. A different stereoisomer results only through invei—  
sion.
The two planar structures for •SiH2CH3 are isoenei—  
getic. This is so because the interaction of importance 
in the planar radical forms is between the S0M0 on silicon 
and the degenerate antibonding methyl group orbitals. In 
the eclipsed form of the planar radical the interaction 
will be between the singly occupied p-orbital on silicon 
and the 7r*(CH3) (or 7raw ) group orbital. In the bisected 
radical the predominant interaction will be between the p 
orbital on silicon and the :r*(CH3) or 7rbw group orbital.
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Since the methyl group orbitals are degenerate the energy 
difference between the silicon p-orbital and either of the 
methyl group orbitals is the same, the interactions are 
similar and there is no preference for either of the pla­
nar conformations. The same result is evident for the 
isomer *CHzSiH3 . The two planar forms are of the same 
energy and there is free rotation about the C—Si bond. 
When an electronegative atom is substituted once-removed 
from the radical center,, there is still only a small dif­
ference of about 1 kcal/mol separating the eclipsed and 
bisected forms.
The influence of substituent on the pseudo tt orbitals 
of CHZY is shown in Figure 17. Replacing H by an electro­
negative atom such as F will split the degenerate orbitals 
of CH3. The CH2F orbitals will only be slightly affected 
since they have little or no contribution from F. The 
CHZF orbitals will be lowered somewhat and the coefficient 
of F will be increased in the occupied MO at the expense 
of carbon. In the unoccupied MO the larger coefficient 
will be on carbon. The degenerate m—type orbitals of CH3 
are split into orbitals having A' and A" symmetry when F 
is substituted for H in CHZF. These group orbitals now 
have p orbital contribution from F. In general however, a 
methyl group or a CHZF group will have the same kinds of 
interactions with the S0M0. The original bonding #-type 
methyl group orbital mixes with F p orbitals in a bonding
102
*
\
\
7Ta T^j,
c h 2y
s
\
\
A'
c h 2y
c h 2y
s >
 a'
CH^Y
X\  r \
c . c c
H H H
X=etectropositive Y= electronegative
Figure 17. Influence of substituent on methyl group orbitals.
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and antibonding way and the resulting bonding and anti­
bonding group orbitals of A ’ symmetry are lowered in the 
CHZF group. The antibonding A" orbital that results when 
F is substituted for H in CH3 is not lowered appreciably. 
The SOMO lies in between the energies of the two antibond— 
ing and two bonding CH2Y group orbitals but closer to the 
energies of the antibonding ones. Of the antibonding orbi­
tals the one having A' symmetry (7Tb*) is lower in energy 
than the orbital having A" symmetry (7ra"0 . Therefore the 
interactions which are preferred will be those of the SOMO 
with the A' type orbitals that result when the radical is 
in the bisected planar form and the major interaction of 
these will be the B type interaction, described in Chapter 
I and shown in Figure 3, of the SOMO with the empty group 
orbital which would stabilize the SOMO. An interaction of 
the A type only reinforces the preference for a bisected 
radical. The destabilizing three electron interaction is 
less with the occupied A' (7rb) orbital because it is
slightly lower in energy than the occupied A" (ira ) orbi­
tal, and so farther in energy from the SOMO. A slight
preference for the bisected radical can result.
In contrast to ’SiH2CHa where the lowest energy struc­
ture is a pyramidal radical, the planar radical is sta­
blest in the structural isomer -CH2SiH3 . In fact, the
pyramidal isomers are not themselves in a well. That is, 
neither is at a local minimum and each falls into the
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deeper well o£ -the planar radicals. Adding a fluorine 
atom once-removed from the carbon radical center has lit­
tle effect on pyramidalization. The radical *CHzSiHzF is 
essentially planar- the staggered conformation has y= 16° 
and h= .010 A. The eclipsed pyramidal radical passes 
through the bisected planar radical and minimizes to the 
structure above.
Comparison of the Radical Isomers of SiCH^ and of SiCHaF
In the SiCHs isomers the structures having a pyramidal 
silicon center are the stablest of the species. The 
pyramidal carbon radical centers collapse to the planar 
geometries which are about 4 kcal/mol higher in energy 
than the pyramidal silicon centered radicals. However the 
planar carbon centered radicals are in turn lower than the 
planar silicon centered radicals which lie about 6 kcal/ 
mol still higher (top half of Figure 18).
As mentioned above, the radicals having a pyramidal 
silicon center are the stablest of the *SiHzCHzF silicon 
centered radical isomers. However these isomers lie over 
68 kcal/mol higher in energy than the carbon centered 
structural isomer *CHzSiHzF Cbottom half of Figure 18). 
This is undoubtedly due to the presence of the stable Si-F 
bond in the carbon centered radicals.
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Figure 18. Energy differences among isomers. Top half: SiCH5. 
Bottom half: SiCH4F, 4E in kcal/mol.
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Comparison of the 3-21G and 3—21G» Levels
The 3-21G* basis set- consistently gives higher barriers 
than the 3-21G basis. Nonetheless, both predict the same 
ordering in energy of the radicals both within a certain 
species and between species. Although the differences in 
energy between the pyramidal and planar radicals would be 
expected to be lowered by a correlation treatment, the 
relative amount would not most probably be as great as in 
the 'SiMe3 radical because the SiHzV radicals have fewer 
electrons and also fewer heavy atoms to the radical cen­
ter. Therefore the expectation is that the planar and 
pyramidal electron correlation energies would be less dis­
parate than in trimethylsilyl radical.
The values of the Si-C bond lengths by the 3-21G basis 
set are greater than 1.92 A. Here as in *SiMe3 , Si-C bond 
lengths are more reasonable with the inclusion of d orbi­
tals yielding values less than around 1.90 A by the 3-21G* 
basis. For all the radicals the 3-21G# level predicts 
shorter Si-H bond lengths than 3-21G. For SiH* and 
CH3SiH3 the experimental values for Si-H fall in between 
the predictions of 3-21G and 3-2IGw and there is no 
improvement with d orbitals.39
Chapter V : SOMO/LUMO Revisited
There appears to be a threshold SOMO-LUMO gap in a pla­
nar radical which determines whether a particular radical 
will be pyramidal or planar in its lowest energy struc­
ture. For all o£ the silyl radicals studied here the 
SOMO-LUMO splitting in the planar geometry is less than 
0.4500 hartree. Each of the silyl radicals has a pyrami­
dal conformation as its lowest energy structure. The cai—  
bon centered radicals on the other hand have SOMO-LUMO 
gaps that are typically greater than 0.5600 hartree when 
Si is a substituent atom. These radicals have a planar 
geometry as the lowest energy conformation.
It would be convenient if the size of the inversion 
barrier and other parameters Csuch as degree of pyramidal­
ization) of any silicon-centered radical regardless of 
gross structure could be both qualitatively and quantita­
tively predicted from the S0M0/LUM0 gap size. 
Unfortunately this is not the case. Inversion barrier and
A
h versus gap size is tabulated in Table XVIII. Taken
t
all together there is little correlation. The gap size 
given is the S0M0/LUM0 gap in the corresponding planar 
radical. Therefore both pyramidal C3v trimethylsilyl rad­
icals are referred to the same S0M0/LUM0 gap. These radi­
cals can be distinguished by comparing the inversion
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Table XVIII. Barriers and Degree of Pyramidalization 
According, to SOMO/LUMO Gap Size for All Radicals.
gap size 
a E
fi
7
SlH
.45410
7.63
.308
50.9
.43916
8.29 
.319 
52. 1
.43916 
1 0 . 1 1 
.320
52.9
A ¥
.42678 
9. 14 
.308
49.9
.42678 
1 0.25 
.31 1 
50.6
gap size 
AE ' 
h
x> / 5 L Z ^
H
\=?
.40494
13.97
.350
52.9
.40471 
14.57 
.352 
51 .7
.40471
15.42
.377
55.9
.40282 
14.53 
.356 
53. 1
H
gap size 
AE 
h 
y
gap size 
a E 
h 
7
SlHzF
.39989 .39984 .39984 .39592
14.18 14.24 14.57 18.4
.393 .375 .420 .331
54.2 51 .4 58. 1 54.5
KStMe3 5iMe3 scz7 Si.F3
3 I a
.38524 .38524 .38180 .36666 .22507
13.64 17.75 16.65 24.47 79.71
.307 .319 .318 .461 .370
50.6 52.6 52.5 58. 1 60.2
Gap size refers to the SOMO/LUMO gap in the 
corresponding planar radical. Gap size in hartree, a E in 
kcal/mol, h in A and 7 in degrees. All values listed are 
3 -21G* results.
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barrier against the amount of lowering of the SOMO on 
passing to the pyramidal structure (Table XIX). Still, 
comparing the SOMO lowering for all the radicals together 
without regard to structure, there are some inconsis- 
tances, notably with the ring systems. Considering simi­
lar systems separately (i.e. all SiH2Y, all -SiMe3, and 
each ring system separately) works better by either method 
(Table XX).
The ring systems taken together appear to be a special 
case because of large distortions in the rings between 
planar and pyramidal radicals as mentioned in Chapter III.
Though there are quite a few exceptions to barrier 
relationship to gap size or SOMO lowering, most occur in 
the ring systems but can be explained on closer inspection 
of what happens to other MOs on pyramidalization. The two 
MOs below the SOMO which were ultimately derived from the 
E level in AH3 radicals, become important in the pyramidal 
radicals. Therefore care should be exercised in regard to 
ring systems. The treatment of the barrier size on the 
basis of SOMO/LUMO gap size was extended from 'AH3 mol­
ecules. In the radicals there is only one electron in the 
SOMO so the lowering of the SOMO must be greater than four 
times the raising in energy of the E level if the gap size 
method can be used with some confidence. The greater the 
number of electrons in the system, the greater the prob—
n o
Table XIX. Barriers and Degree o£ Pyramidal izat ion 
According "to SOMO Lowering for All Radicals.
a ECSOMO)
a E
ft
SiH3
-.04747
7.63
.308
50.9
A  A  &
F
-.04851 -.05075 -.05237 -.05406
10.11 8.29 9.14 10.25
.320 .319 .308 .311
52.9 52.1 49.9 50.6
5 .0 > " w " V Q
a ECSOMO)
a E
fi
y
-.05623 
14. 18 
.393 
54.2
-.05719 
14.57 
. 420 
58. 1
-.05823 
14.24 
.375 
51 .4
-.06299
13.97
.350
52.9
H
h'
siHe3
I
a ECSOMO)
a E
ti
y
-.06372 
14.53 
. 356 
53. 1
-.06549 
14.57 
.352 
51 .7
-.06604
13.64
.307
50.6
-.06975
15.42
.377
55.9
z
SiH2F , v S iC 7 SiF3
a ECSOMO)
a E
ft
y
-.07113 
16.65 
.318 
52.5
-.07163
17.75
.319
52.6
-.07374
18.4 
.331
54.5
-.07695 
24.47 
.461 
58. 1
-.19435 
79.71 
.370 
60.2
aECSOMO) is the lowering in energy in -the pyramidal 
radical from -the corresponding planar radical. AE is the 
pyramidal barrier. aECSOMO) in hartree, aE in kcal/mol, h 
in A and y in degrees. All values listed are 3-21G* 
results.
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Table XX. Radicals Grouped According to Structure.
gap size 
AECSOMO) 
a E
S i U 3
.45410
-.04747
7.63
.43916 
-.04851 
1 0 . 1 1
.43916
-.05075
8.29
.42678
-.05237
9.14
.42678
-.05406
10.25
gap size 
a ECSOMO) 
AE
SlHiF
.39592
-.07374
18.4
SiKe3
3•w
.38524 
--.06604
13.64
Sit4e5
.38524
-.07163
17.75
S it1e 3 
Z
.38180 
-.07113
16.65
5iF3
.22507 
-.19435 
79.71
H . / n .  H. /v
H
gap size .40494 .40471 .40471 .40282
a E(SOMO) -.06299 -.06549 -.06975 -.06372
a E  13.97 14.57 15.42 14.53
H '-s ; =7
H
gap size .39989 .39984 .39984 .36666
a ECSOMO) — .05623 -.05719 -.05823 -.07695
AE 14.18 14.57 14.24 24.47
Gap size is the SOMO/LUMO gap in the corresponding 
planar radical. a ECSOMO) is the lowering in energy in 
the pyramidal radical from the corresponding planar 
radical. a E is the pyramidal barrier. Gap size and 
a ECSOMO) in hartree, aE in kcal/mol.' All values listed 
are 3-21G« results.
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ability that the difference between SOMO lowering and E 
level raising will be less pronounced, and the more care 
given to the method.
Concluding Remarks
The high retention of configuration shown in the reac­
tions involving substituted silyl radicals is indicative 
of a fairly high barrier to inversion. Ab initio calcu­
lations were undertaken to investigate inver sion barriers 
and structural parameters of various silicon-centered rad­
icals. The energy differences among isomers and the struc­
tural parameters of the radicals are reasonable with 
regard to known experimental data. A radical system that 
might be used to investigate experimentally the inversion 
barrier is the silacyclopentane ring system.
The results of most importance in this study are the 
following:
i) All the silicon-centered radicals studied prefer a 
pyramidal structure as opposed to a planar geometry at 
silicon.
ii) Where comparisons were made to the carbon radical 
analogue, it was found that the carbon—centered radical 
has a more nearly planar geometry.
iii) Inversion barriers in silicon radicals range from
7.63 kcal/mol in *SiH3 to 79.8 kcal/mol in -SiFa. For car­
bon radicals, the barriers range from 0 to less than 2 
kcal/mol in *CMe3.
1 13
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iv) In t-he SiCH^Y (Y = H, F) radical isomers, a pyrami­
dal geometry is preferred at- silicon when silicon is the 
radical center. When carbon is the radical center, a pla­
nar geometry or very nearly planar geometry is preferred.
v) Substitution of fluorine once-removed from the radi­
cal center has little effect on the geometry at the radi­
cal center or on the energy differences among 
conformations.
vi) In contrast to (v), when F is attached directly to 
the radical center, both the degree of pyramidalization 
and the inversion barrier increase.
vii) Methyl substitution only slightly increases the 
degree of pyramidalization at silicon.
viii) In the planar silicon-centered radicals which are 
methyl—substituted, the CH bond most eclipsed with the 
SOMO is- bent away from the radical center,
ix) Ring size affects the size of the inversion barrier 
in the ring radicals, increasing as the ring is made 
smaller.
x) When feasible, inversion of the ring is a lower 
energy pathway between conformers than pyramidal inversion 
at the silicon radical center.
1 15
sci) The SOMO/LUMO gap size is a good first, approxima­
tion of relative inversion barrier size, although the gap 
size method is of more reliability when comparing similar 
radicals.
xii) The split valence bases 3-21G* and 3-21G yield 
reasonable energy differences between isomers. The 3-21G* 
basis give sthe best structural data, especially with 
regard to Si-C bond lengths.
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